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Annexin-1 (ANXA1) is an anti inflammatory protein that has a myriad of 
functions including cell proliferation, apoptosis and cell migration. ANXA1 
has also been implicated in its ability to function as a cell stress protein. 
ANXA1 has been shown to function as a stress protein in A549 lung cancer 
cells, HeLa cells and MCF-7 breast adenocarcinoma cells lines (Rhee et al, 
2000; Nair et al, 2010). As a stress protein, ANXA1 protein and mRNA 
expression levels were induced upon stress and we have shown that it protects 
cells against heat induced growth arrest and DNA damage (Rhee et al, 2000; 
Nair et al, 2010).  However it is unclear how it is mechanistically involved in 
the stress response. Using heat as a form of stress, we studied the anti-
inflammatory and protective role of ANXA1 in bone marrow-derived 
macrophages obtained from WT and ANXA1 KO mice. ANXA1 
demonstrated its anti-inflammatory role by regulating TNFα cytokine levels 
during stress. LPS induced TNFα was downregulated only in heat stressed 
WT cells but not in ANXA1 KO cells. However the downregulation of TNFα 
in heat stressed WT cells was only demonstrated at the protein level and not at 
the mRNA level. The greater mRNA stability in heat stressed ANXA1 KO 
cells was the probable cause for the differential production of TNFα at the 
mRNA and protein level and also its levels between WT and ANXA1 KO 
cells. It was also revealed that only intracellular ANXA1 was playing a role in 
regulating the inflammatory stress response and not its secreted form. Hence, 
further studies were carried out to determine changes in the endogenous levels 
of proteins. Western blot analyses revealed the involvement of the major heat 
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shock protein HSP70. HSP70 protein expression demonstrated the possibility 
of a novel link with ANXA1, as it was only expressed in high levels in the 
presence of ANXA1 and was absent in ANXA1 KO cells during heat stress. 
While we also demonstrated that the differential regulation of HSP70 was not 
directly affecting TNFα levels during stress, its negative correlation with JNK 
was a more plausible mechanism of regulating the cytokine during stress.  
Other members of the MAPK family such as ERK and P38 were also 
demonstrated to be involved in ANXA1 mediated TNFα regulation during 
stress. Besides the MAPK, major transcription factor NFkB is also implicated 
in TNFα production. Inhibitor of NFkB, IkBα was produced at higher levels 
in heat stressed WT cells as compared to the ANXA1 KO cells, indicating the 
role of NFkB in ANXA1 mediated inflammatory stress regulation. In 
conclusion, ANXA1 was demonstrated to function as a stress protein during 
heat stress by protecting cells from an inflammatory insult induced by LPS, 
thereby protecting cells during a stress stimuli. This protection was only 
evident in the presence of ANXA1 and heat stress. ANXA1 exerted its 
protective role with the aid of heat shock protein 70 as well as other signaling 
mediators such as the MAPK, via MKP-1 and NFkB, which are crucial in the 
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Stress is induced by various factors such as high temperatures, oxidative and 
osmotic stress, exercise, ultraviolet (UV) irritation and heavy metals (Gabai et 
al., 1997; Feder and Hofmann, 1999; Rattan et al., 2004). Stressors bring 
about modifications in the functioning of normal cells. These stress factors are 
known to cause changes in the cell morphology, cytoskeleton, structures of the 
cell surface and also alters DNA synthesis and protein metabolism (Rattan et 
al., 2004). The molecular damage and aggregation of abnormally folded 
proteins lead to the induction of the cellular stress response, initiating the heat 
stress response pathway, explained in figure 1 (Rattan et al., 2004). 
 
 
1.1.1 Stress response and the heat stress response pathway 
 
 
Stresses including heat stress elicit the stress response pathway or the heat 
shock response (HSR).  The HSR was first discovered in 1962 (Ritossa, 1962) 
in drosophila and is considered to be one of the most important cellular 
defence mechanisms against stress (Leppa and Sistonen, 1997; Rattan et al., 
2004). HSR regulation takes place at the transcriptional level by a family of 
Heat shock factors (HSFs) (Pirkkala et al., 2001). HSF acts a link between the 
stress agent and the stress response leading to the Induction of the HSR. Of the 
3 types of mammalian HSFs, HSF1 is the most widely studied and is the only 
one that is induced upon exposure to HS (Sarge et al., 1993). HSF1 is located 
in the cytoplasm as a non-DNA binding inactive complex in unstressed cells 
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(Leppa and Sistonen, 1997; Rattan et al., 2004). Upon receiving a stress 
signal, HSF1 trimerizes and undergoes phosphorylation, thereby activating it 
(Kiang and Tsokos, 1998). The activated HSF1 then translocates to the 
nucleus, where it binds to Heat Shock Elements (HSE), which is located in the 
promoter region of HS genes (Morimoto, 1998). The HSEs consist of multiple 
contiguous inverted repeats of the pentamer sequence nGAAn located in the 
promoter region of the target genes. Activation of the HSR results in the 
sudden and vast change in gene expression leading to an increase in 
transcription and synthesis of a family of Heat Shock Proteins (HSPs) 
(Pirkkala et al., 2001; Rattan et al., 2004). Optimal response and functioning 
of HSPs is necessary for the cell to survive through the stressful condition 
while its malfunction leads to abnormal growth, aging and apoptosis (Gabai et 
al., 1998; Kiang and Tsokos, 1998; Verbeke et al., 2001).  
 
The HSR aims to protect the cell during a stressful condition by promoting its 
survival and reducing cell death (Villar et al., 1994) as shown in a model of 
acute lung injury and a murine mastocystoma (Harmon et al., 1990). As a 
means of promoting cell survival, the HSR is also known to play a role in 
inflammatory signaling by regulating the production of pro and anti-
inflammatory cytokines (Kusher et al., 1990; Jaattela and Wissing, 1993; 
Cooper et al., 2010).  
 
Upon stress withdrawal or upon abolishment of the HS response, HSF1 is 
inactivated and ceases the HSR activation (Knauf et al., 1996; Housby et al., 
1999). The HSR can also be inactivated by degradation of the HSP mRNA 
 18 
(Cotto and Morimoto, 1999). A summary map of the HSR outlined by 





Figure 1: The cell stress response. Various stress factors are shown to induce the 
HSR. Upon activation, the HSF translocates to the nucleus and binds to HSE which 
then induced the transcription and tranlslation of HSPs. HSPs, then function to 
prevent misfolding, cytoprotection, promote signaling pathways necessary for cell 
growth, protect cells from apoptosis, and inhibit aging (Westerheide and Morimoto, 
2005). Permission to reuse figure sought from the American society for biochemistry 








1.1.2 HSPs and HSP70 
 
The HSPs are a very important family of proteins that are induced upon the 
activation of the HSR (Westerheide and Morimoto, 2005). HSPs are classified 
into 6 different protein families based on their molecular sizes. They are, the 
large molecular weight HSPs of 100-110 kDa, the HSP90 family of 83-90 
kDa, the HSP70 family of 66-78 kDa, the HSP60 family, the HSP40 family 
and the small HSPs of 15 to 30 kDa (Leppa and Sistonen, 1997).  The main 
function of HSPs is that of a molecular chaperone. The Chaperone function 
enables the cell to cope with misfolded proteins and their aggregation and to 
reduce cell damage especially during heat stress (Leppa and Sistonen, 1997). 
HSPs thus play an important role in proper functioning of the cell, since 
studies have shown that altered protein folding results in the manifestation of 
human diseases including cancer and alzheimer’s disease (Thomas et al., 
1995).  
 
While some of these HSPs, are constitutively expressed to serve basic cellular 
functions, HSP70 is an inducible protein present in the mammalian cytosol 
(Rassow et al., 1995). It is expressed together with its closely related but 
constitutively expressed cognate protein HSC70 (Rassow et al., 1995; Leppa 
and Sistonen, 1997). HSP70 is also the most widely studied of the  heat shock 
proteins. HSP70 is known to function in a variety of cellular processes such as 
protein trafficking, protein folding, translocation of proteins across 
membranes and in the regulation of gene expression (Leppa and Sistonen, 
1997).  It aids in the recognition and degradation of the damaged proteins by 
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the proteasome degradation pathway (Rattan et al., 2004). HSP70 aids in 
proper folding of proteins by binding to nascent polypeptide chains exposed 
from the ribosomes during translation and releasing the hydrophobic peptides 
together with adenosine triphosphate (ATP) binding and hydrolysis (Rassow 
et al., 1995; Leppa and Sistonen, 1997). HSP70 also plays protective roles in 
monocyte cytotoxicity induced by Reactive Oxygen Species (ROS), 
inflammatory insult, nitric oxide toxicity and heat induced apoptosis (Jaattela 
and Wissing, 1993; Ensor et al., 1994; Bellmann et al., 1996; Samali and 
Cotter, 1996; Mosser et al., 1997).  
 
Although the main function of HSP70 appears to be its chaperoning activity, 
under certain conditions its protective effect does not rely on its chaperoning 
activity alone. HSP70 interferes with signal transduction pathways in order to 
exert its protective effects. HS and HSP70 mediates the increase in expression 
of phosphorylated Mitogen Activated Protein Kinase Phosphatase-1 (MKP1) 
(Lee et al., 2005; Wong et al., 2005), which is a dual specificity phosphatase 
that inhibits the phosphorylation of the MAPK family. The increase in MKP1 
expression results in the reduction in MAPK phosphorylation by HSP70. For 
example, the overexpression of HSP70 resulted in the strong inhibition of JNK 
and p38 kinases, members of the Mitogen Activated Protein Kinases (MAPK) 
family, when compared to cells with normal levels of HSP70 (Gabai et al., 
1997; Gabai et al., 1998; Rattan et al., 2004). Apoptosis was inhibited in cells 
with over expressed HSP70, indicating that the inhibition of the pro apoptotic 
JNK, resulted in protection of the cell from apoptosis (Gabai et al., 1997; 
Gabai et al., 1998), thus indicating a role for HSP70 in the signal transduction 
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pathway. Besides, playing a role in the signal transduction pathways involving 
members of the MAPK family, HSP signaling also affects the phosphorylation 
of Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NFkB), a 
major transcription factor involved in the production of cytokines (Asea et al., 
2000; Heimbach et al., 2001; Shi et al., 2006) and thus plays a protective role 
against inflammatory insult during stress. 
 
 
1.2  Inflammatory stress response involving HSP70 
 
HSP70, as mentioned above, plays a role in the regulation of signaling 
pathways that are involved in the regulation of inflammation. Induction of the 
HS response resulted in the downregulation of potent pro inflammatory 
cytokines Tumor Necrosis Factor α  (TNFα) and Interleukin-6 (IL6), which 
correlated with the upregulation of HSP70 mRNA levels (Ensor et al., 1994; 
Asea et al., 2000; Shi et al., 2006; Cooper et al., 2010). HSP70 is postulated to 
reduce cytokine expression, especially TNFα, by regulating NFkB, the 
primary transcription factor controlling the expression of TNFα (van der 
Bruggen et al., 1999; Shi et al., 2006). HSP70 may be regulating NFkB in 
terms of inhibition of IkB kinase (IKK) or by binding to the NFkB:IkB 
complex (Meng and Harken, 2002).  
 
Exogenous HSP70, stimulates the production of pro inflammatory cytokines 
via a CD14 dependent pathway (Asea et al., 2000), thereby showing that 
HSP70 signalling is involved in the inflammatory Toll Like Receptor (TLR) 
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signaling pathway. HSP70 signalling merges at the phosphorylation of NFkB 
to induce cytokine production (Asea et al., 2000).  
Besides the regulation of cytokine production, activation of the HSR was also 
shown to render cells resistant to lysis by TNFα (Kusher et al., 1990; Jaattela 
and Wissing, 1993) indicating a protective role for the HS response in the 
regulation of inflammation. While the activation of HSR downregulates TNFα 
levels, TNFα itself, is thought to induce the HSR and the production of 
HSP70 in monocytes (Fincato et al., 1991). To further illustrate the role of 
HSP70 in inflammatory stress response, it has been shown that the presence of 
TNF Receptor 1 (TNFR1) is required for the synthesis of HSP70 (Heimbach 
et al., 2001).  
 
1.3 Toll-Like receptor signaling 
 
The toll like receptors (TLRs), first identified in drosopilia are part of the 
innate immune system (Hashimoto et al., 1988). TLRs recognize a variety of 
microbial components that are conserved in pathogens but not in mammals, 
thus being able to detect the invasion of pathogens in mammals (Takeda and 
Akira, 2004). TLRs are also known as pattern recognition receptors (PRRs) as 
they are able to recognize conserved molecular patterns known as pathogen 
associated molecular patterns (PAMPs) (Akira et al., 2001). TLRs are a family 
of 10 receptor proteins characterized by an extracellular leucine-rich repeat 
(LRR) domain and a cytoplasmic domain for signal transduction (Kopp and 
Medzhitov, 1999). The cytoplasmic portion of the receptor is similar to the 
interleukin-1 (IL-1) receptor and is therefore called the Toll/IL-1 (TIR) 
receptor domain (Kopp and Medzhitov, 1999; Takeda and Akira, 2004). 
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Downstream of the TIR domain is the TIR domain containing adaptor, 
MyD88. The main TLR signaling pathways are the MyD88 dependent 
pathway which is common to all the TLRs except TLR3 and the MyD88 
independent pathway that is unique to signaling from TLR3 and TLR4, as 
illustrated in figure 2 (Akira et al., 2001).  
 
MyD88 recruits IL-1 receptor associated kinase (IRAK) followed by the 
association with tumor necrosis factor receptor activated factor-6 (TRAF6), 
eventually leading to the activation of JNK and NFkB signaling pathways 
(Takeda and Akira, 2004). 
 
The Myeloid Differentiation primary response gene 88 (MyD88) independent 
or TIR domain containing adaptor-inducing interferon-β (TRIF) dependent 
pathway is unique to signaling from TLR3 and TLR4 (Hoebe et al., 2003; 
Oshiumi et al., 2003). Stimulation with lipopolysaccharide (LPS) led to the 
activation of Interferon Regulatory Factor 3 (IRF3), a transcription factor, 
which resulted in the induction of Interferon-β (IFN-β) in MyD88 knockout 
(KO) mouse macrophages. The induction of IFN-β led to the production of 
IFN-β inducible genes and cytokines, which includes IP10, RANTES and 
GARG16 (Kawai et al., 2001). 
 
TLR4 is one of the 10 different TLRs that induces the expression of genes 
involved in inflammatory signaling and is pertinent to this study (Medzhitov et 
al., 1997). TLR4 was found to be highly responsive to LPS (Poltorak et al., 
1998; Akira et al., 2001) and is thus the specific agonist to activate this TLR. 
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TLR4 signalling is unique in that it employs both the MyD88 dependent and 
MyD88 independent or TRIF dependent pathway for signaling (Toshchakov et 
al., 2002), since mutations at both TRIF and MyD88 loci inhibited LPS 
responses (Hoebe et al., 2003). TLR4 activation with LPS leads to the 
induction of the MAPK and NFkB pathways, which eventually results in 
cytokine production (Kopp and Medzhitov, 1999; Takeda and Akira, 2004). 





Figure 2: Summary of the TLR signaling pathway. All the TLRs, except TLR3 
employ the MyD88 adaptor molecule that is essential for the induction of pro- 
inflammatory cytokine production. TLR3 makes use of of the TRIF mediated 
pathway to induce IRF-3 via TBK1. Both pathways eventually converge at NFkB at 
an early or late phase. However, IRF3 dependent cytokine production is produced 
only via the induction of TLR3 (Adapted from Takeda and Akira, 2004). Permission 








NFkB is a transcription factor involved in the regulation of inflammation and 
cytokine production. NFkB exists in an inactive form bound to IkBa in the 
cytoplasm. The binding of IkB to NFkB prevents its translocation to the 
nucleus to activate cytokine production (Baldwin, 1996). Upon activation by 
different agonists, including LPS and cytokines, IkBα is phosphorylated by 
specific kinases causing its dissociation from NFkB.  After its 
phosphorylation, IkBα is degraded by proteasomes, releasing NFkB, and 
allowing it to translocate into the nucleus (DiDonato et al., 1996; Sweet and 
Hume, 1996). The activated form of NFkB exists as a heterodimer consisting 
of a p65 subunit, also known as rel A and a p50 subunit (Barnes and Karin, 
1997; Adcock and Caramori, 2001). p50 can be constitutively bound to DNA 
but requires p65 for its transactivational activity (Barnes and Karin, 1997) 
Once in the nucleus, NFkB binds to specific sequences located in the promoter 
regions of target genes (Barnes and Karin, 1997) and induces the transcription 
of these genes. Genes that are regulated by NFkB such as IL-1B and TNFα 
can also regulate the activation of NFkB (Barnes and Karin, 1997) thus 
amplifying the inflammatory response. 
 
The termination of NFkB gene expression occurs when IkBα enters the 
nucleus and binds to NFkB and transports it to the cytoplasm (Arenzana-
Seisdedos et al., 1995). IkBα itself has a kB recognition sequence, which 
allows its synthesis by NFkB (Arenzana-Seisdedos et al., 1995), thereby 





Mitogen-activated protein kinases (MAPKs) are a family of protein 
serine/threonine kinases that play a crucial role in the regulation of gene 
expression, cell proliferation, apoptosis, differentiation, motility and cell 
survival (Cargnello and Roux, 2011). The conventional and most studied 
group of the MAPK family comprises of extracellular regulated kinase 1/2 
(ERK1/2), p38 α, β, γ and δ, c-Jun amino (N)-terminal kinases 1/2/3 (JNK 
1/2/3) and ERK 5 (Chen et al., 2001; Kyriakis and Avruch, 2001; Pearson et 
al., 2001). Only the conventional MAPKs, ERK 1/2, JNK and p38 will be 
studied in this paper. The conventional group of MAPKs, is composed of a set 
of kinases namely the MAPK, a MAPK kinase (MAPKK) and a MAPKK 
kinase (MAPKKK), which sequentially activate one another leading to the 
phosphorylation of the members of the MAPK family (Robbins et al., 1993; 
Cargnello and Roux, 2011).  
 
ERK 1/2 is activated by a variety of growth factors such as epidermal growth 
factor (EGF) and also insulin (Boulton et al, 1990). ERK 12/2 is activated 
mainly by receptor tyrosine kinases (Cargnello and Roux, 2011). 
 
P38 is activated by stress stimuli and cytokines like TNFα and IL-1 and LPS 
(Han et al., 1994; Lee et al., 1994; Cuadrado and Nebreda, 2010). Of the 
different isoforms of p38, p38α is generally more studied and referred to in 
literature because of its higher expression levels in the cells. It is also the main 
isoform involved in the inflammatory regulation of p38, as its absence reduced 
the levels of pro inflammatory cytokine production (Kim et al., 2008; 
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Cargnello and Roux, 2011). Like ERK, p38 is also plays a role in cell 
proliferation and survival, with an additional role in inflammation (Thornton 
and Rincon, 2009). 
 
JNK, also known as stress activated protein kinase (SAPK), is activated 
mainly by stress stimuli, including HS and cytokines that cause the 
phosphorylation of threonine and tyrosine residues (Brenner et al., 1989; 
Kyriakis et al., 1994; Avruch, 1996). Interestingly, most of the stimuli that 
activate p38 also activate JNK (Cargnello and Roux, 2011). JNK 1 and 2 of 46 
and 52 kDa respectively exhibit vast tissue distribution while JNK 3, is 
localized to neural tissues, testis and cardiac myocytes (Bode and Dong, 
2007). Therefore, most studies reference JNK1 and 2, as will be done in this 
study. Activation of JNK activates the AP1 complex, resulting in the 
transcription of genes containing the AP1 Binding site (Sabapathy et al., 
2004). JNK also plays an important role in promoting apoptosis in cells 
activated by stressors (Dhanasekaran and Reddy, 2008).  
 
 
1.6 Introduction to Annexin-1 
 
Annexin-1 (ANXA1), also known as lipocortin 1 belongs to a family of 
structurally related proteins that bind to phospholipids in a calcium dependent 
manner (Raynal and Pollard, 1994). It is present in a wide range of organisms 
ranging from molds to plants to mammals (Raynal and Pollard, 1994). Each 
member of the annexin family is made up of 2 different regions. Firstly, the N-
terminal domain, which precedes the core C-terminal domain, is unique 
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among the annexins and therefore determines its vast biological properties and 
functions (Raynal and Pollard, 1994; Rescher and Gerke, 2004). The N-
terminal domain of ANXA1 undergoes cleavage resulting in the production of 
an N-terminal truncated protein that exhibits altered sensitivity towards 
calcium and phospholipids (Raynal and Pollard, 1994). Secondly, the C-
terminal domain is the conserved region that contains the calcium and 
membrane binding sites and is the region that defines the annexin family 
(Crompton et al., 1988; Raynal and Pollard, 1994; Gerke and Moss, 2002). 
The C-terminal domain is composed of 4 repeats of a 70 to 80 amino acid long 
sequence in all the members except annexin-6, which has 8 such repeats 
(Crompton et al., 1988; Raynal and Pollard, 1994). Within this region lies the 
endonexin fold containing the GXGTDE motif (Raynal and Pollard, 1994).  
 
ANXA1 has an α-helical structure with a convex surface that contains the 
calcium and membrane binding sites while its concave surface is positioned 
away from the membrane allowing it to be available for interactions with other 
proteins (Rescher and Gerke, 2004).  
 
ANXA1 is primarily located in the cytoplasm or associated with the 
membrane or cytoskeleton, while some other members of the annexin family 
have been detected in other cellular subsets (Schlaepfer et al., 1992; Sun et al., 








1.6.1 Functions of ANXA1 
 
 
1.6.1.1 ANXA1 in Inflammation  
 
 
ANXA1 has a variety of biological functions. It is chiefly known to function 
as an anti inflammatory protein (Lim and Pervaiz, 2007). It mediates its anti 
inflammatory actions by preventing the release of arachidonic acid from cells 
thereby inhibiting phospholipase A2 (PLA2), which is a potent mediator of 
inflammation (Haigler et al., 1987; Crompton et al., 1988). The inhibition of 
PLA2 by ANXA1 takes place by substrate inhibition, which involves coating 
the phospholipid and thus blocking the interaction between the enzyme and 
substrate (Haigler et al., 1987). The mechanism by which ANX-A1 inhibits 
the actions of PLA2 was later found to require the presence of calcium ions or 
via direct interaction with PLA2 (Kim et al., 1994).  
 
Tissues from ANXA1 KO mice revealed an upregulation of pro-inflammatory 
mediators cycloxygenase-2 (COX-2) and cytoplasmic PLA2 (cPLA2) and 
greater sensitivity toward their actions (Croxtall et al., 2003; Hannon et al., 
2003) therefore indicating that ANXA1 plays a regulatory role in 
inflammation by reducing the cell’s susceptibility to an inflammatory insult. 
Also, ANXA1 is induced by glucocorticoids (GCs), thus enabling it to mediate 
the beneficial effects of GCs such as its anti inflammatory effects, regulation 
of cell proliferation and differentiation and membrane trafficking (Peers et al., 
1993; Flower and Rothwell, 1994; Solito et al., 1994; McLeod et al., 1995; 
Diakonova et al., 1997; Traverso et al., 1998). In the ANXA1 KO mouse 
model, endogenous GCs were unable to counter the inflammatory response 
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(Hannon et al., 2003), indicating the importance of endogenous levels of 
ANXA1 in the regulation of inflammation. The possible role of ANXA1 as a 
second messenger in the anti inflammatory response to steroids further 
highlights its function as an anti inflammatory protein (Crompton et al., 1988). 
The anti inflammatory property of ANXA1 was considered to be more potent 
than that of GCs and with lesser side effects, thus making it considerable for 
therapeutic use (Crompton et al., 1988). 
 
A major mediator of inflammation, endotoxin or LPS, can induce the 
production of various other pro inflammatory mediators such as cytokines. 
ANXA1, as mentioned above, plays a major role as an anti inflammatory 
protein and is also involved in the regulation of an inflammatory response 
involving LPS and plays a protective role in endotoxemia. Treatment with 
LPS reduced TLR4 mRNA levels in peritoneal macrophages and thus ensured 
a transient profile of TNFα cytokine levels. ANXA1 KO peritoneal 
macrophages however, exhibited dysregulated expression of TLR4 and thus 
exhibited abberant TNFα production (Damazo et al., 2005). TNFα is also 
inhibited by ANXA1 induced by dexamethasone or by exogenous 
peptidomimetics in vivo and in vitro (Wu et al., 1995; de Coupade et al., 
2001). While ANXA1 is thought to inhibit TNFα production, TNFα itself can 
in turn stimulate the secretion of ANXA1 in the case of rheumatoid arthritis 
synovial fluid (Tagoe et al., 2008). 
 
IL-6, another potent pro inflammatory cytokine, is suppressed by 
dexamethasone-induced ANXA1 levels in lung fibroblasts obtained from WT 
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mice. However, there was a 3 fold increase in IL-6 mRNA levels in ANXA1 
KO lung fibroblasts and the cells were less susceptible to the anti 
inflammatory effects of dexamethasone (Yang et al., 2006). The suppression 
of these cytokines in the presence of ANXA1 has been attributed to the lack of 
activation of the members of the MAPK family – pERK, pP38 and pJNK. The 
absence of ANXA1, on the other hand, markedly increased basal expression of 
these markers, thereby relating cytokine regulation to the activation or 
inactivation of the MAPK family via ANXA1 (Yang et al., 2006).  
 
Inducible Nitric Oxide Synthase (iNOS), a potent inducer of inflammation can 
be inhibited by the over expression of ANXA1 in rat microglia cells and 
macrophages (Wu et al., 1995; Minghetti et al., 1999; Parente and Solito, 
2004). Endogenous over-expression of ANXA1, however, enhances LPS 
induced iNOS protein levels but not mRNA levels and it is thought to regulate 
iNOS expression post transcriptionally via an ERK dependent mechanism 
(Smyth et al., 2006).  
 
 
1.6.1.2 ANXA1 in cellular proliferation, differentiation and apoptosis 
 
 
ANXA1 has proved to be the major mechanism in the growth arrest of A549 
lung adenocarcinoma cell line, RAW macrophages, A7r5 vascular smooth 
muscle cell line and HEK 293 Tet-off cells with over expressed levels of 
ANXA1 (Croxtall and Flower, 1992; Alldridge and Bryant, 2003). ANXA1 
induced suppression of growth was mediated by the action of GCs and 
synthetic GC, dexamethasone. The suppression of growth also involves the 
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ERK/MAPK pathway since inhibition of ERK was able to restore normal 
growth (Croxtall and Flower, 1992; Alldridge and Bryant, 2003). However, in 
an ANXA1 KO lung fibroblastic cell line, the cells were completely resistant 
to suppression of growth induced by dexamethasone as compared to the wild 
type (WT) cells. This indicates that the presence of ANXA1 is required for its 
growth inhibitory effect (Croxtall et al., 2003). Another possible mechanism 
leading to the anti proliferative effect of ANXA1 is due to the altered 
cytoskeletal organization and the downregulation of cyclin D1 (Alldridge and 
Bryant, 2003). ANXA1 expression levels are also altered during the processes 
of cell differentiation and embryonic development, which are dependent on 
the proliferative status of the cell (Alldridge and Bryant, 2003) indicating that 
ANXA1 plays a major role in the growth function of cells. A 40% reduction of 
ANXA1 levels in the G2/M phase of the cell cycle indicate another potential 
role for ANXA1 in the regulation of the cell cycle (Raynal et al., 1997). 
 
ANXA1 is also involved in the cellular differentiation process. Over 
expression of ANXA1 induced erythroid differentiation of K562, a 
myelogenous leukemic cell line via the activation of ERK signaling pathway 
(Huo and Zhang, 2005).  
 
ANXA1 is known to be a pro-apoptotic protein with rapid increases in 
ANXA1 levels in the early stages of apoptosis (Arur et al., 2003; Debret et al., 
2003). To further prove its involvement in apoptosis, ANXA1 was seen on the 
apoptotic cell surface in Jurkat cells treated with apoptosis inducer, anti FAS 
IgM (Arur et al., 2003). ANXA1 on the apoptotic cell surface is needed for 
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tethering and for the apoptotic cell to be engulfed efficiently. Treatment of 
Jurkat cells with caspase inhibitors reversed the recruitment of ANXA1 to the 
cell surface, due to its association with caspase-3 activation (Arur et al., 2003; 
Debret et al., 2003). This indicates a role for ANXA1 in apoptosis. 
 
 
1.6.1.3 ANXA1 in cancer 
 
 
ANX1 also plays a role in cancer. Its expression level varies across the 
different types of cancers. Its expression levels are downregulated in prostate, 
esophageal and head and neck cancer (Paweletz et al., 2000; Xin et al., 2003; 
Garcia Pedrero et al., 2004). It was shown to be involved in the progression 
and development of breast cancer. While ANX1 expression levels were mostly 
undetectable in benign tissues, its levels increased with progression of the 
disease, with high expressions seen in metastatic breast tissues (Ahn et al., 
1997). There are conflicting reports of its expression levels in Breast cancer 
(Lim and Pervaiz, 2007). Since the nature of the disease varies according to a 
number of factors like estrogen receptor status, the differential expression of 
ANXA1 could be reflective of such factors (Lim and Pervaiz, 2007). Given 
that the levels of ANXA1 are altered in different types of cancer, it shows the 
correlation between ANXA1 and cancer progression and development. 
 
1.6.1.4 ANXA1 in leukocyte migration 
 
 
ANXA1, as well as recombinant ANXA1 mediates the anti-migratory effects 
of GCs by causing the circulating leukocytes to detach from the post capillary 
venule and get back into the blood stream instead of entering the diapedesis 
process and thereby creating a check on the control of inflammation (Mancuso 
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et al, 1995; Lim et al, 1998). ANXA1 KO mice, were however, susceptible to 
increased polymorphonuclear lymphocyte (PMN) migration as compared to 




1.6.1.5 ANXA1 in Signaling 
 
 
ANXA1 regulates the Extracellular Signal-Regulated Kinase (ERK/MAPK) 
pathway and thus plays a role in the regulation of cellular proliferation. 
Increased expression of ANXA1 caused constitutive ERK activation in RAW 
macrophages, HEK 293 Tet-off and A7r5 cells (Alldridge et al., 1999; 
Alldridge and Bryant, 2003). The constitutive ERK activation was inhibited 
following LPS stimulation (Alldridge et al., 1999). Reduced ANXA1 
expression, on the contrary, resulted in prolonged ERK activity upon LPS 
stimulation (Alldridge et al., 1999). The inhibition of ERK activity in RAW 
cells over expressing ANXA1 resulted in the inhibition of cell proliferation 
(Alldridge et al., 1999; Alldridge and Bryant, 2003). ANXA1 modulates the 
ERK/MAPK pathway at a site upstream of MEK since the over expression of 
ANXA1 resulted in the constitutive activation of MEK which was also 
inhibited upon stimulation with LPS, mimicking the ERK profile (Alldridge et 
al., 1999; Croxtall et al., 2000). ANXA1 has a src-homolgy 2 (SH2) domain 
and this mechanism involves the binding of signaling components like GRB2 
(Alldridge et al., 1999). Other members of the MAPK family including P38 
and JNK are also regulated by ANXA1. The absence of ANXA1 increased 
basal levels of all 3 members of the MAPK family – ERK, p38 and JNK 
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(Yang et al., 2006). MKP-1, an antagonist of the MAPK is activated in the 
presence of ANXA1 (Yang et al., 2006) and thus explains the inactivity of the 
members of the MAPK in cells with ANXA1. Aside from the MAPK family, 
ANXA1 is also implicated in NFkB regulation. ANXA1 can bind to and 
interact with NEMO (IKKy) and RIP resulting in the constitutive action of the 
IKK complex (Bist et al., 2011). The IKK complex activates Ikbα, releasing it 
from NFkB, thus resulting in its constitutive activation in breast cancer cells 





Figure 3: The diverse role of ANXA1. A) ANXA1 inhibits cPLA2 and COX-2, 
thereby demonstrating its anti inflammatory, antipyretic and anti hyperalgesic 
activity. B) Exogenous ANXA1 acts on the formyl peptide receptor (FPR) and formyl 
peptide receptor like-1 (FPRL1) to inhibit cell adhesion and migration and induce 
detachment of adherent cells. C) GCs upregulate ANXA1 expression through its 
receptor. This contributes to the anti inflammatory actions of ANXA1. GCs also 
induce the phosphorylation of ANXA1 and mediate its translocation to the 
membrane. D) ANXA1 is recruited to the cell surface and binds to phosphotidyl 
serine (PS) to mediate the engulfment of apoptotic cells. E) ANXA1 is 
phosphorylated by various kinases including EGF-R tyrosine kinase, protein kianse C 
(PKC), platelet derived growth factor receptor tyrosine kinase (PDGFR-TK), and 
hepatocyte growth factor receptor tyrosine kinase (HGFR-TK) in order to mediate 
proliferation. F) Over expression of ANXA1 induces apoptosis by inducing the 
phosporylation of BAD, allowing its translocation into the mitochondria. During 
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apoptosis, ANXA1 translocates to the nucleus, although this can be inhibited by 





1.6.1.6 Annexin-1 and stress response 
 
 
Besides playing a major role in inflammatory regulation and in the various 
aspects of cell biology, ANXA1 also has a role to play in stress response. The 
expression of ANXA1 had been observed in a variety of pathological 
conditions and thus led to the identification of its potential role as a stress 
protein. Upon the induction of heat, ANXA1 suppressed the inactivation of 
enzymes, porcine heart citrate synthase and glutamate dehydrogenase and 
prevention of the thermal aggregation of these two enzymes. However, in the 
absence of ANXA1, the enzymes were not protected against thermal 
inactivation, thus proving the chaperone like function of ANXA1 (Kim et al., 
1997). Also it has been shown to have similar properties as HSPs. ANXA1 
protein and mRNA expression levels were induced in response to various 
stresses like heat and oxidativate stress in A549 lung cancer cells and MCF7 
breast cancer cells (Rhee et al., 2000; Nair et al., 2010). Stress activation also 
causes the translocation of ANXA1 to the nucleus and peri-nuclear regions 
(Rhee et al., 2000; Nair et al., 2010). The protective effect of ANXA1 
extended to preventing heat induced growth arrest and DNA damage in MCF7 
breast cancer cells over expressing ANXA1 (Nair et al., 2010). The induction 
of ANXA1 promoter activity during stress adds further evidence for the role 
of ANXA1 as a stress protein. Arsenic trioxide, which was studied for its 
effectiveness in the treatment of certain cancers induced the de novo protein 
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synthesis of ANXA1 that resulted in the induction of a HS like response in 
human neutrophils (Binet et al., 2008). The induction of a HS like response 
further added speculation that ANXA1 functions as a stress protein like the 
HSPs (Binet et al., 2008). 
 
 
1.7 Autophagy, heat stress and ANXA1 
 
Autophagy is the process in which cells self-digest cellular components in the 
cytoplasm (Nivon et al., 2009; Harris, 2011). Also referred to as 
macroautophagy, the process involves the generation of phagophores from 
membrane structures which then forms double membrane autophagosomes 
around its target, engulfing parts of the cytoplasm in the process (Nivon et al., 
2009; Harris, 2011). Autophagosomes fuse with lysosomes to form 
autolysosomes, which result in the degradation of the toxic cytosolic 
constituents and organelles (Harris, 2011). The process of autophagy is 
regulated by a variety of genes, including ATG6, ATG12-ATG5 and LC3 
(Meijer and Codogno, 2004; Yorimitsu and Klionsky, 2005). Mammalian 
inhibitor of rapamycin (mTOR) plays a key role in the inhibition of autophagy 
by preventing the formation of the complex of autophagy genes 1 to 13 
(Kamada et al., 2000; Pattingre et al., 2008). The induction of autophagy in 
response to cellular or environmental stimuli is therefore dependent on the 
inhibition of mTOR (Levine et al., 2011). 
 
Autophagy is induced mainly in response to various stress stimuli, especially 
nutrient deprivation and amino acid starvation (Nivon et al., 2009; Harris, 
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2011). It is also induced upon HS and by cytokines, like TNFα and TLRs 
indicating its potential role in the regulation of inflammation as well (Xu et al., 
2007; Delgado et al., 2008; Nivon et al., 2009; Harris, 2011). Autophagy is a 
survival mechanism for cells undergoing stress, by maintaining ATP energy 
for the cell and nutrient homeostases and in macromolecule synthesis (Lum et 
al., 2005; Nivon et al., 2009; Harris, 2011). Major transcriptional factor, NFkB 
induces autophagy in cells undergoing HS (Nivon et al., 2009). Autophagy 
could thus be an additional mechanism for inducing cell survival in HS cells, 
apart from the chaperone activity of HSPs.  
 
Chaperone mediated autophagy, (CMA) is mediated by lysosomal proteolysis 
that results in the degradation of cytosolic proteins under stress conditions 
such as starvation (Dice, 2007). It differs from micro and macro autophagy in 
that it does not require vesicular transport (Majeski and Dice, 2004). It is a 
process mediated by the stimulation of molecular chaperones like HSC70 in 
the cytosol and lysosome (Dice, 2007). HSC70 is the constitutively expressed 
form of HSP70 that mediates protein translocation across membranes (Chirico 
et al., 1988). HSC70 together with co chaperones like hip, hop, hsp40, hsp90 
and bag-1 recognise its substrate containing a KFERQ-like motif (Terlecky et 
al., 1992; Hohfeld et al., 1995; Dice, 2007). Together, the complex binds to 
LAMP2A in the lysosomal membrane (Agarraberes and Dice, 2001). The 
substrate is unfolded with the aid of LAMP-2A and then translocates into the 
lysosomal lumen in the presence of intralysosmal HSC70 (Salvador et al., 
2000; Dice, 2007). The substrate is then rapidly degraded by lysosomal 
proteases, releasing the HSC70 chaperone complex and allowing it to bind to 
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another substrate (Dice, 2007). MAPK family member, p38 is also required 
for the proper functioning of CMA, in addition to the co chaperones (Finn et 
al., 2005; Dice, 2007). ANXA1 serves as a substrate for chaperone mediated 
autophagy and is therefore degraded by CMA (Bertin et al., 2008) 
 
1.8  Aims and objectives 
 
ANXA1 has been shown to be involved in inflammatory regulation. It has also 
been shown to function as a cell stress protein. However, the role of ANXA1 
in the regulation of inflammation during a stress response has not been 
studied. A stress protein is very important in disease states as it helps to 
protect the cells from premature death and inflammatory insult. Understanding 
the molecular basis of an inflammatory stress response, in the form of heat 
stress forms the basis of many disease states including heat stroke and fever. 
The various signaling pathways introduced have a common role in both heat 
stress and inflammation and are thus necessary for investigation of the basis of 
the inflammatory stress response. The aims of this study are thus, 
 
1) To determine the role of ANXA1 in the regulation of the inflammatory 
response upon induction with heat and with heat and LPS 
2) To determine the signaling pathways, involved in the regulation of the 












2.1 List of reagents used 
 
The following reagents were used in this study: 
 
Table 1: Reagents used for cell culture 
 
Reagent Company 
10X Trypsin Biowest (France) 
Dulbeco’s Modified Eagle’s Medium 
(DMEM) 
Sigma – Aldrich (USA) 
Fetal Bovine Serum (FBS) Biowest (France) 
Penicillin - Streptomycin Hyclone (USA) 
RPMI – 1640 media Hyclone (USA) 
 
Table 2: Kits used 
 
Kit Company 
GoTaq® qPCR Master Mix  Promega (USA) 
Mouse IL-6 ELISA  
MAXTM Standard 
Biolegend (USA) 
Mouse IL-12p40 ELISA 
MAXTM Standard 
Biolegend (USA) 
Mouse IL-10 ELISA eBioscience (USA) 
Mouse TNFα ELISA  
Ready – Set – Go! ® 
eBioscience (USA) 
 
Table 3: Reagents used for RNA extraction, cDNA synthesis and qPCR 
 
Reagents Company 
10mM dNTPs Promega (USA) 
5X M-MLV Reverse Transcriptase 
Buffer 
Promega (USA) 
M-MLV Reverse Transcriptase 
(200u/ul) 
Promega (USA) 
Chloroform Sigma-Aldrich (USA) 
Ethanol VWR Prolab (Turkey) 
MaestroZol Plus RNA Extraction 
Reagent 
OmicsBio (Taiwan) 
Oligo (dT) – 15 primer (500ug/ml) Promega (USA) 







Table 4: Primers used for qPCR 
 
All Primers were designed and then purchased from 1st base. 
 
Primer Sequence 
Mouse HSP70 Forward Primer 5’ GAG ATC GAC TCT CTG TTC 
GAG G- 3’ 
Mouse HSP70 Reverse Primer 5’ GCC CGT TGA AGA AGT CCT 
G- 3’ 
Mouse TNFα Forward Primer 5’ GGC AAG GAT CCT TTT AGG- 
3’ 
Mouse TNFα Reverse Primer 5’ TTG GTT TGG GAG GAA AGG 
G- 3’ 
Mouse GAPDH Forward Primer 5’ AAC TTT GGC ATT GTG GAA 
GG- 3’ 
Mouse GAPDH Reverse Primer 5’ ACA CAT TGG GGG TAG GAA 
CA- 3’ 
 
Table 5: Antibodies used for western blotting and confocal microscopy 
 
Anibody Dilution  Company 
AlexaFluor 488 anti-
rabbit IgG 
1:200 Invitrogen (USA) 
Goat polyclonal IgG 
Actin HRP 
1:5000 Santa Cruz (USA) 
Goat anti-Rabbit 
secondary antibody 
1:10,000 Thermo Scientific (USA) 
Mouse monoclonal anti - 
HSC70 / HSP70  
1:200 Santa Cruz (USA) 
Rabbit anti-mouse 
secondary antibody 
1:10,000 Pierce (USA) 
 
Rabbit monoclonal anti 
Phospho p44/42 MAPK 
1:1000 Cell Signaling (USA) 
Rabbit monoclonal anti-
p44/42 MAPK 
1:1000 Cell Signaling (USA) 
Rabbit monoclonal anti-
Phospho p38 MAPK 










Cell Signaling (USA) 
Rabbit monoclonal anti-
SAPK/JNK 
1:1000 Cell Signaling (USA) 
Rabbbit monoclonal anti-
Beclin-1 
1:1000 Cell Signaling (USA) 
Rabbit monoclonal anto-
ATG3 
1:1000 Cell Signaling (USA) 
Rabbit monoclonal anti-
ATG5 
1:1000 Cell Signaling (USA) 
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Rabbit polyclonal anti- 
Phospho ATF-2 
1:1000 Cell Signaling (USA) 
Rabit polyclonal anti- 
ATF-2 
1:1000 Santa Cruz (USA) 
Rabbit polyclonal anti-
MKP-1  
1:100 Santa Cruz (USA) 
Rabbit polyclonal anti-
IkBα 
1:1000 Cell Signaling (USA) 
Raabbit polyclonal anti-
LAMP-2a 
1:1000 Abcam (UK) 
Rabbit polyclonal anti-
NFkB p65 
1:100 Santa Cruz (USA) 
 




4’, 6-diamidino-2-phenylindol (DAPI) Sigma Aldrich (USA) 
10X Phosphate Buffered Saline (PBS) 1st Base (Singapore) 
10X Running Buffer (Tris, Glycine, 
SDS) 
1st Base (Singapore) 
10X Transfer Buffer (Tris, Glycine) 1st Base (Singapore) 
10% Sodium Dodecyl Sulphate (SDS) 1st Base (Singapore) 
20X Tris Buffered Saline (TBS) 1st base (Singapore) 
β-MErcaptoethanol Merck (USA) 
Bovine Serum Albumin (BSA) Sigma-Aldrich (USA) 
Bradford Assay Reagent Bio-Rad (USA) 
BSA Protein standards Thermo Scientific (USA) 
cOmplete Protease inhibitor cocktail 
tablets 
Roche (Switzerland) 
Crystal Violet Powder Sigma-Aldrich (USA) 
Isopropanol Sigma-Aldrich (USA) 
Methanol VWR Prolab (Turkey) 
Neutral Buffered Formalin Solution Sigma-Aldrich (USA) 
Nonidet P-40 (NP-40) Sigma-Aldrich (USA) 
ProLong® Gold Antifade Reagent Invitrogen (USA) 
SuperSignal West Pico 
Chemiluminescent Substrate 
Thermo Scientific (USA) 
Skimmed Milk Powder Anlene, Fonterra (New Zealnd) 
Tritox-X Sigma-Aldrich (USA) 
TRIS-HCl 1st Base (Singapore) 
Tween 20 Sinopharm Chemicals (China) 
WesternBright ECL HRP substrate Advansta (USA) 
 
Table 7: Drugs and other reagents used 
Drug Company 
CPG 1826 oligodeoxynucleotide 
(ODN) 
Invivogen (USA) 
Lipopolysaccharide (LPS) Sigma-Aldrich (USA) 
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Poly I:C (PIC) Invivogen (USA) 
R848 Invivogen (USA) 
U0126 Selleck Chemicals (USA) 
SB203580 Cell Signaling (USA) 
SP600125 Selleck Chemicals (USA) 
Rapamycin Sigma-Aldrich (USA) 
Chloroquine Sigma-Aldrich (USA) 




2.2 Cell culture 
 
 
2.2.1 L929 cell culture 
 
Mouse fibroblast cell line L929 was cultured to obtain L929 conditioned 
medium for the growth of primary bone marrow derived macrophages. Cells 
were cultured in RPMI supplemented with 10% Fetal Bovine Serum (FBS) 
and 1% Penicillin-Streptomycin (P/S) in an incubator at 37°C and 5% 
Carobon Dioxide (CO2). Cells were cultured in T-75 flasks. Cultures were 
trypsinized and split into 5 T-75 flasks once 90% confluency was reached. 
Cells were futher split into 13 T-175 flasks and allowed to grow until full 
confluency was reached. Cells were left to grow for 2 more days after full 
confluency was reached to condition the media. Media was then removed 
from all the flasks and filtered using a 0.2um filter (Thermo Scientific). L929 
conditioned media was then used as a part of the media required to culture 
bone marrow derived macrophages. 
 
2.2.2 Bone Marrow Derived Macrophages 
 
Bone marrow derived macrophages (BMMO) were isolated from the femurs 
and tibia of 8-10 week old Balb/c WT and ANXA1 KO mice. BMMO was 
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also derived from C57BL/6 WT, MyD88 KO and TRIF mutant mice, which 
were kind gifts from Dr Subra Biswas of SIGN. The bones were collected and 
placed in a petri dish containing 70% ethanol and then transferred to another 
dish containing media. The tip ends of the bones were cut off to enable the 
bone marrow to be flushed out. The bone marrow was flushed out using a 27½ 
-gauge needle attached to a syringe containing Dulbecco’s Modified Eagle’s 
Medium (DMEM) into a 50ml falcon tube. The bone marrow cells were 
flushed over a 70um cell strainer (Fisherbrand cell strainers, Thermo Fisher 
Scientific). The media containing bone marrow cells was spun down at 300g, 
10 minutes at 4°C. The resulting pellet was resuspended in DMEM 
supplemented with 20% L929 conditioned media or L cell media, 10% FBS 
and 1% P/S. Cells were counted and seeded onto 24 well plates or directly 
seeded into 6cm or 10cm plates for experiments. On day 3 of seeding the bone 
marrow cells, the media was topped up with an equal volume of L929 
conditioned media. On day 7, after seeding the bone marrow cells, The L929 
conditioned media was removed and replaced with DMEM supplemented with 
10% FBS and 1% P/S before the cells were used for experiments. Cells were 
grown in an incubator at 37°C and 5% CO2. 
 
 
2.3 Heat Stress 
 
Cells were subjected to heat stress as a form of stress inducing cell stress. Heat 
stress was carried out at 42°C while the non-heated or control cells were 
incubated at 37°C. Cells were seeded in 24 wells, 6cm or 10cm dishes. Plates 
or dishes were sealed with parafilm and placed in a water bath set to the 
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desired temperature. Both heat treated and non-heat treated cells were placed 
in the waterbath at 42°C and 37°C respectively so as to ensure that all other 
variables besides heat was similar for both arms of the experiment, as 
designed previously(Nair et al., 2010). Heat stress was carried out for 1 hour, 
after which the cell culture dishes were taken out of the water bath. The 
parafilm was removed and cells were either treated with LPS or they were 
returned to the incubator to harvest at the appropriate time points. 
 
2.4 Crystal Violet Assay 
 
Cells were subject to crystal violet assay to determine cell viability after heat 
stress treatment. Cells were subject to control or heat stress temperatures for 1 
hour and were allowed to rest at 37°C thereafter. Cells were harvested 24 
hours later for crystal violet. Media was first aspirated from the wells and 
washed once with 1X PBS. 200ul of crystal violet solution (0.25g crystal 
violet powder with 20% methanol in 1X PBS) was added to each well of a 24 
well plate and incubated for 10 minutes at room temperature. Crystal violet 
solution was then removed from the wells by pipette. The plate was then 
washed with water two times with tap water to remove any excess stain. The 
plate was then inverted on a C-fold towel to drain off the water. 600ul of 1% 
SDS was then added to each well to solubilise the stain. The plates were then 
allowed to shake on an orbital shaker to obtain a uniform stain. The solution 
was transferred to a 96 well plate and the absorbance was read at 570nm using 
a spectrophotometer (Perkin Elmer VICTOR3TM V Multilabel Counter Model 
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1420, MA, USA). Values were plotted as percentage means of duplicate 
experiments with reference to the control samples. 
 
2.5 Treatment with TLR agonists 
 
Cells were treated with TLR agonists after 1 hour of heat stress or no heat 
stress. Lipopolysaccaride (LPS) (Sigma Aldrich), a TLR4 agonist was used at 
a concentration of 100ng/ml. CPG 1826 oligodeoxynucleotide (ODN), a TLR9 
agonist was used at a concentration of 1uM. Poly (I:C), a TLR 3 agonist 
(Invivogen) was used at a concentration of 10ug/ml. 
 
2.6 Treatment with Inhibitors and drugs 
 
2.6.1 Treatment with inhibitors of the MAPK pathway 
 
Inhibitor treatment was carried out prior to heat stress. U0126 (Selleck 
Chemicals), inhibitor of ERK1/2 or MEK1/2 was used at a concentration of 
10uM. SB203580, inhibitor of p38 MAPK (Cell Signaling) was used at a 
concentration of 10uM. SP600125 (Selleck Chemicals), inhibitor of JNK 1, 2 
and 3 was used at a concentration of 10uM. Bone marrow macrophages were 










2.6.2 Treatment with HSP70 inhibitor 
 
VER155008 (Tocris Bioscience), a novel adenosine derived inhibitor of 
HSP70 was used at varying concentrations of 5uM, 10uM, 20uM and 40uM. 
Cells were pretreated with the HSP70 inhibitor for 3 hours prior to heat shock 
or no heat treatment. 
 
2.6.3 Treatment with Autophagy inhibitors 
 
Cells were treated with Chloroquine (Sigma Aldrich), an autophagy inhibitor, 
which was used at a concentration of 50uM. Cells were pretreated with 
chloroquine 3 hours prior to LPS treatment. Heat treatment was not carried out 
for these cells. 
 
2.6.4 Treatment with inducers of Autophagy 
 
Cells were treated with Rapamycin (Sigma Aldrich), an inducer of autophagy 
at a concentration of 0.1uM and 1uM. EBSS (Sigma Aldrich), media devoid of 
amino acids was used as an inducer of autophagy. Cells were treated with the 
autophagy inducers for 3 hours before the addition of LPS. Heat treatment was 
not carried out for these cells. 
 
2.7 Enzyme Linked Immunosorbent Assay (ELISA) 
 
Enzyme Linked Immunosorbent Assay (ELISA) assay was carried out for 
supernatants harvested from the bone marrow macrophages, 24 hours post 
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treatment. Ready Set Go! ® ELISA kits (eBioscience) for mouse TNFa and 
mouse IL10 and ELISA MaxTM Deluxe kits (Biolegend) for mouse IL6 and 
mouse IL12 (p40) were used. 96 well ELISA plates were coated with 1X 
capture antibody diluted in coating buffer overnight. The next day, capture 
antibody was removed from the wells and washed 5 times in wash buffer (1X 
PBST and 0.05% Tween20). The wells of the plate were then blocked with 
assay diluent (provided in the kit) for 1 hour at room temperature. Assay 
diluent was removed from the wells and washed 4 times with wash buffer. 
Standards and samples were then added to the wells with appropriate dilutions 
and incubated at room temperature for 2 hours. Standards and samples were 
removed from the plate and washed 5 times with wash buffer. 1X detection 
antibody (provided in the kit) was then added to the wells and incubated at 
room temperature for 1 hour. After 1 hour, the detection antibody was 
removed and washed 5 times with wash buffer. Avidin-HRP was then added 
to the wells and incubated at room temperature for 30 minutes. Avidin-HRP 
was then removed and washed 7 times with wash buffer. Substrate solution 
was added to the wells and incubated at room temperature until the desired 
blue colour intensity was obtained for the highest standard or for a maximum 
of 15 minutes. Stop solution of 2N sulphuric acid (H2SO4) was added to obtain 
a yellow colouration. The wells were then read at 450nm (Perkin Elmer 







2.8 RNA Extraction 
 
Cell culture media was aspirated and the cell monolayer was washed with 1X 
PBS. Cells were lysed by addition of Omics MaestroZolTM RNA plus 
extraction reagent (Omics Biotechnology) at a ratio of 1ml MaestroZol 
reagent per 10cm2 dish. 0.2ml of chloroform was added per 1ml of 
MaestroZol reagent to the lysed samples. Samples were then shaken 
vigorously for 15 seconds and then incubated at room temperature for 
3minutes. Samples were then centrifuged at 12,000g for 15minutes at 4°C. 
The resultant clear aqueous layer containing RNA was transferred to a new 
1.5ml Eppendorf tube. 0.5ml Isopropanol per 1ml of MaestroZol reagent was 
added to the clear aqueous layer and mixed well. The samples were incubated 
at room temperature for 10 minutes and then spun down at 12,000g for 
10minutes at 4°C. The resultant white RNA pellet was washed with 1ml of 
75% ethanol per 1ml MaestroZol reagent used. Samples were mixed by 
vortexing and centrifuged at 7500g for 5 minutes at 4°C. The ethanol in the 
supernatant was poured out and the eppendorf tube dapped on a C-fold towel 
to ensure complete removal of the supernatant. The RAN pellet was air-dried 
for10minutes. The RNA pellet was dissolved in 15ul of nuclease free water. 
The solution containing RNA was incubated on a heat block at 55°C for 10 
minutes. RNA quality, as measured by the A260/A280 ratio and RNA quality 
(ng/ul) were determined using the nanodrop spectrophotometer (BioFrontier 




2.9 cDNA Synthesis  
 
cDNA synthesis was carried out in a 2 step reaction. In the first step, the 
following reaction mixture was prepared. All reagents used were purchased 
from Promega. 
 
Table 8: Reaction mixture for 1st step of cDNA synthesis  
Components of reaction mix Quantity 
1ug of total of RNA ul of RNA based on RNA 
quantitation 
Oligo (dT) 1ul 
Nuclease Free Water To make up the volume to 10ul 
 
The following reaction was prepared in a 200ul capacity PCR tube and 
incubated at 65°C for 5 minutes.  
 
For the next step of the cDNA synthesis, the following master mix was 
prepared. 
 
Table 9: Master mix for 2nd step of cDNA synthesis 
Components of master mix Quantity 
Products from 1st step of cDNA 
synthesis 
10ul 
5X M-MLV RT Buffer 4ul 
10mM dNTPs 1ul 
RNAsin RNAse Inhibitor (40U/ul) 0.25ul 
M-MLV Reverse Transcriptase 1ul 
Nuclease Free Water To make up the volume to 20ul 
 
The final reaction mixture for cDNA synthesis was incubated at 42°C for 60 
minutes. The cDNA synthesized was stored at -20°C for future use. 
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2.10 Real Time PCR 
 
Real time PCR or quantitative PCR (qPCR) was carried out using the GoTaq® 
qPCR Master Mix (Promega) kit. Primer sequences used were those 
mentioned in table 4. Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) 
was used as the endogenous control for the mRNA markers evaluated in this 
study. The experiment was carried out in duplicates for each mRNA per 
sample. 
 
The following master mix was prepared in a 96 well plate for qPCR (BioRad) 
 
Table 10: qPCR Master Mix 
Component of master mix Quantity 
2X GoTaq® qPCR Master Mix 10ul 
10uM Forward Primer 0.5ul 
10uM Reverse Primer 0.5ul 
Nuclease Free Water 7ul 
cDNA (10ng) 2ul 
 
The qPCR plate was spun down in a centrifuge before placing the plate in the 
ABI 7500 real time PCR system (Applied Biosystems) qPCR machine for 
analysis. The following PCR protocol was used: 
50°C for 2 minutes 
95°C for 10 minutes 
40 cycles of 95°C for 15 seconds and 60°C for 1 minute 
50°C for 15 seconds 
60°C for 1 minute 
95°C for 30 seconds 
and 60°C for 1 minute 
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This was followed by melt curve analysis at 95°C for 1 minute and 55°C for 1 
minute. Data from the qPCR was used only when a single peak was obtained 
from the melt curve indicating purity of primers as well as absence of non-
specific amplifications or primer dimers. Results from the qPCR analysis were 
expressed as relative quantitation (RQ), calculated from the ΔΔCT 
approximation method. qPCR data was re interpreted as fold change relative 
to the control samples and plotted in graphs. 
 
2.11 mRNA stability assay 
 
WT and ANXA1 KO BMMOs were treated with control or heat treatment, as 
explained in section 2.3, followed by treatment with 100ng/ml LPS for 0 
minutes, 30 minutes and 1 hour. For mRNA stability assay, Actinomycin D 
(5ug/ml) was added to the cells to inhibit transcription, as described 
previously (Deleault et al., 2008). The RNA was then isolated at various time 
points such as, 0 minutes, 30 minutes and 1 hour post LPS treatment. 
 
 
Figure 4: Flowchart demonstrating time points used for mRNA stability assay. 
LPS was added to cells after heat treatment. ActD was added to the cells at the above 




Total RNA was isolated according to the protocol described above in section 
2.7, followed by cDNA synthesis as described in 2.8. cDNA was then used to 
run a real time PCR or qPCR as per description in section 2.9. The RQ values 
obtained from the qPCR analysis were expressed as fold change relative to 
mRNA levels at time zero. Log of the RQ values were plotted against time in 
minutes with an exponential trendline. Half-life was calculated by dividing the 
decay constant (ln2) by the exponent obtained from the equation of the graph.  
 
2.12 Protein Lysis 
 
Protein lysis was carried to prepare the protein extract for western blotting. 
After treatment, cells were harvested at the appropriate time points. Cell 
culture medium was aspirated from the cell monolayer. Cells were washed 
with 1X PBS and aspirated. Cells were then scraped using a rubber policeman 
in cold 1X PBS. The resultant cell suspension was transferred to a falcon tube 
and centrifuged at 1200rpm for 5 minutes. The supernatant was aspirated and 
the pellet containing the protein was lysed. 1X RIPA buffer containing 50mM 
sodium chloride (NaCl), 0.1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 
50mM tris-HCl, supplemented with 1X protease inhibitor cocktail tablets 
(Roche) and 10mM of sodium orthovanadate. Cells were lysed by vigorous 
pitpetting and then allowed to incubate on ice for 30 minutes. The cells were 
then centrifuged at 12000g for 15 minutes at 4°C. The supernatant containing 




2.13 Protein Quantitation 
 
Protein Quantitation was carried out using 1X of the Bradford’s assay reagent 
(BioRad) and BSA protein standards (Thermo Scientific). Absorbance was 
measure at 595nm using a spectrophotometer (BioRad). Concentration of the 
BSA standards were plotted against the OD values in log scale to obtain an 
exponential trend line. Protein concentrations in the sample were inferred from 
the equation obtained from the BSA standards graph. 
 
2.14 Western Blotting 
 
30 to 60ug of proteins were mixed in 4X loading dye and made up to an equal 
volume with RIPA lysis buffer. These samples were loaded onto 12% SDS-
PAGE gels that were run in 1X running buffer (0.025M Tris, 0.192M glycine 
and 0.1% SDS) at 75V for 20 minutes (stacking phase) and 135V for 90 
minutes (resolving phase). After the gel was run, wet transfer was carried out 
onto a nitrocellulose membrane by using 1X transfer buffer (20% methanol, 
25mM tris and 192 mM glycine) at 0.35mA for 60 minutes on ice. Membranes 
were then washed with 1X TBS and dried for at least 15 minutes. Membranes 
were then blocked with 5% skimmed milk (Anlene, Fonterra) for at least 1 
hour at room temperature on a shaker at 80 rpm. The membranes were then 
washed twice with 1X TBST (1X TBS + 0.1% Tween20) for 5 minutes each. 
Membranes were incubated with primary antibodies overnight at 4°C on an 
orbital shaker. Antibodies and dilutions used are mentioned in table 5. The 
primary antibody was removed and the membrane was washed twice with 1X 
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TBST for 5 minutes at each time followed by incubation with the respective 
secondary antibody for 1 hour at room temperature on a shaker. The secondary 
antibodies and their corresponding dilutions used are given in table 5 above. 
The membrane was then washed 3 times in 1X TBST for 5 minutes each. 
TBST was removed from the membrane by drying for a few seconds followed 
by addition of the SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Sceintific) or the WesternBright ECL HRP substrate (Advansta) for 
1 minute in the dark. Membranes were then exposed to CL-Xposure (Thermo 
Scientific) films in an autoradiography cassette (Amersham Hypercassette) for 
various durations until optimal visualization of bands was possible using the 
X-Ray developer from Konica Minolta SRX-101A tabletop processor.  
 
 
2.15 Confocal Microscopy 
 
 
Approximately 200, 000 cells were seeded onto coverslips in each well of a 24 
well plate for confocal analysis. After experimental treatment, media was 
aspirated from each well and washed twice with 1X PBS. 200ul of 10% 
neutral buffered formalin was added to each of these wells and the plate was 
kept at 4°C for 20 minutes. Formalin was then aspirated and cells were 
washed once with 1X PBS. Coverslips were then removed from the wells and 
placed in new wells, where the coverslips were washed twice with 1X PBS. 
PBS was then aspirated and 500ul of 50mM ammonium chloride was added to 
each well containing the cover slip and placed on a shaker for 2 minutes at 90 
rpm. The ammonium chloride was aspirated and the coverslips washed 3 times 
with 1X PBS. 500ul of 0.5% Triton-X was then added to the coverslips and 
incubated for 30 minutes on a shaker at 90 rpm. Triton-X was removed and 
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500ul blocking buffer (2% BSA and 2% FBS in PBS) was added and 
incubated for 30 minutes on a shaker. Blocking buffer was aspirated. 40ul of 
rabbit polyclonal anti-NFkB p65 primary antibody (1:100 dilution in blocking 
buffer) was added onto the coverslips placed on the cover of a 24 well plate 
and wrapped in aluminium foil before incubating at 37°C for 45 minutes. 
Cover slips were then placed back into the well containing 500ul of 1X PBS 
with 0.2% triton-X to wash 3 times for 2 minutes on a shaker at 90rpm. The 
coverslips were then removed from the well and placed on the cover of a 24 
well plate, where 40ul of Alexafluor 488 anti rabbit IgG (1:200 diltuion with 
blocking buffer) was added to the coverslips. The coverslips were wrapped 
with aluminium foil and incubated at room temperature for 45 minutes on a 
shaker at 90rpm. Coverslips were placed back into the wells where they were 
washed 3 times with 500ul 1X PBS with triton X. This solution was aspirated 
and 250ul of DAPI (1:100 dilution in 100% methanol) was added to the 
coverslips and incubated at room temperature for 2 minutes in the dark. DAPI 
was aspirated and washed twice with 1X PBS. Coverslips were then mounted 
on glass slides with 8ul of ProLong® Gold Antifade Reagent and kept in the 
dark. The outer edges of the coverslips were varnished with a nail varnish to 
keep it in place before analyzing under the confocal microscope. Images were 
captured using the Olympus Flow View FB1000 (Olympus, Japan). The 
images captured were analysed and processed using the FV10-ASW software 







2.16 Statistical Data Analysis 
 
 
Individual groups were analysed using the two-tailed student’s T-test. An F-
test was carried out to determine equality of variance before selecting the 














































3.1 Inflammatory stress response upon heat stress 
 
 
Heat stress has been shown to regulate the inflammatory stress response 
(Kusher et al., 1990). Induction of the stress response has been shown to 
modulate cytokine levels of TNFα and IL-6 (Kusher et al., 1990; Jaattela and 
Wissing, 1993; Yang et al., 2006). In order to determine if other cytokines are 
also regulated by the stress response and if they were differentially expressed 
in the presence or absence of ANXA1, levels of various cytokines were 
assayed upon induction of the HSR at various temperatures and durations. 
 
To determine the effect of heat stress on cytokine production, bone marrow 
derived macrophages (BMMO) from WT BALB/c mice were treated with heat 
at 42°C for 1 hour in a water bath. Cells were then removed from the water 
bath and treated with 100ng/ml LPS for 24 hours and cell supernatant was 
collected and assayed for various cytokine levels using ELISA. Control cells 
were treated similarly except that they were subject to 37°C for the same 
duration of treatment.  
 
Cells subject to heat or control (Ctrl) treatment without LPS did not produce 
any cytokines (Figure 5), indicating that treatment with heat alone is not 
capable of cytokine production. Upon stimulation with LPS, cytokine 
production was observed in all control cells (Ctrl). Cells subjected to heat and 
LPS (Heat + LPS) treatment exhibited significant downregulation (p<0.01) of 
TNFα, IL-6, IL-12p40 and IL-10 production as compared to the Ctrl + LPS 
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treatment group (Figure 5).  This data demonstrates that heat treatment 
tolerizes the cells against the effects of an endotoxin stimulant.  
 
Next, to determine if ANXA1is important in the regulation of inflammatory 
stress response induced by heat, BMMO were obtained from both WT and 
ANXA1 KO BALB/c mice. Cells were subject to control or heat treatments 
followed by stimulation with 100ng/ml LPS. Cytokine levels were assayed 




Figure 5: Cytokine profile upon heat and LPS treatment. Bone marrow 
macrophages from WT mice were subject to control treatment at 37°C or heat stress 
at 42°C for 1h. Cells were then treated with 100ng/ml LPS and incubated at 37°C. 
Supernatant was harvested 24h after treatment with LPS. Cell supernatant was 
assayed for various cytokine levels such as, A) TNFα, B) IL-6, C) IL-12 p40 and D) 





LPS induced significant TNFα, IL-6, IL-12 p40 and IL-10 production in both 
WT and KO cells.  TNF levels were higher, while IL-6 and IL-12 levels were 
lower in the ANXA1 KO LPS treated cells compared to WT.  When cells were 
subjected to heat treatment, TNFα, IL-12 p40 and IL-10 production were 
significantly downregulated in the heat stressed KO cells (p<0.05) as 
compared to the control KO cells (Figure 6). The levels of IL-6 were only 
inhibited in LPS treated ANXA1 KO cells but not inhibited in Heat + LPS KO 
cells, suggesting that ANXA1 may be necessary for the differential regulation 
of IL-6 levels between control and heat-treated cells. There was also a 
significant decrease in LPS induced TNFα and IL-6 levels in WT cells as 
compared to ANXA1 KO cells. However, there was a greater difference in 
TNFα between Heat + LPS treated WT and KO cells, indicating that ANXA1 
is potentially involved in the regulation of TNFα during the heat stress 
response (Figure 6A and B). However, LPS induced IL-12 p40 and IL-10 are 
downregulated to similar levels in heat treated WT and ANXA1 KO cells, 
indicating that ANXA1 may not be involved in the regulation of these 
cytokines during the inflammatory stress response induced by heat. In 
summary, the differential production of cytokine levels induced by LPS 
between WT and ANXA1 KO cells during heat stress demonstrates that 







Figure 6: Cytokine profile upon heat and LPS treatment comparing levels 
between WT and ANXA1 KO cells. Cells were subject to control or heat treatment 
for 1h followed by treatment with 100ng/ml LPS. Cell supernatants were harvested 
24 hours later and assayed for cytokine levels. Graphs represent levels of various 
cytokines A) TNFα, B) IL-6, C) IL12p40, D) IL-10. * p<0.05; ** p<0.01; *** 




3.1.1 Temperature dependant cytokine response 
 
We have shown that ANXA1 is involved in the LPS induced regulation of 
cytokines TNFα and IL-6 when subject to heat stress at 42°C (Figure 6). Next, 
we determined if the regulation of cytokines by ANXA1 is dependent upon a 
specific temperature, or if it is able to function as a stress protein at a range of 
temperatures that can induce heat stress. Therefore, WT and ANXA1 KO cells 
were subject to different temperatures for 1 hour prior to LPS treatment. 
Treatment at 37°C was used as control, treatment at 39.5°C was used to 

































































represent febrile temperature, 42°C to represent heat stroke or hyperthermia, 
and 45°C to represent extreme physiological temperature (Figure 7). 
 
LPS induced TNFα, IL-6 and IL-12p40 were significantly downregulated 
(p<0.05 and p<0.01) in the WT cells at 39.5°C (Figure 7A, C and D). Only IL-
12p40 levels were significantly downregulated in the ANXA1 KO cells at 
39.5°C (Figure 7B and C). IL-12p40 and IL-10 levels were downregulated in 
both WT and ANXA1 KO cells subject to heat stress at 42°C. However the 
downregulation in TNFα production was not as pronounced in ANXA1 KO 
cells (~20% decrease) as compared to WT cells (~80% decrease) at 42°C 
(Figure 7A). The viability of cells at 42°C was approximately 80% (Figure 8) 
as compared to control cells and was sufficient for cytokine production. This 
indicates that heat stress at 42°C, is sufficient to cause significant changes in 
the regulation of cytokines during stress. ANXA1 KO cells are more resistant 
to temperature changes as compared to the WT cells. At 45°C, with 
approximately 55% cell viability as compared to control cells (Figure 8), there 
is very little or no cytokine production. This could be due to the lower cell 
viability at 45°C that was insufficient for cytokine production. In summary, 
42°C was found to be a good temperature to induce heat stress and was 





Figure 7: Temperature course of cytokine profiles. Cells were treated with 
different temperatures: 37°C, 39.5°C, 42°C and 45°C for 1h, followed by100ng/ml 
LPS treatment. Supernatant was harvested 24 hours post LPS treatment. Cytokines A) 
TNFα, B) IL-6, C) IL-12p40 and D) IL-10 were assayed. * Represents significant 
differences between WT cells of different treatment groups and between WT and KO 
cells of the same group. # Represents significant differences among ANXA1 KO 
cells of each treatment group.  * or # p<0.05; ** or ## p<0.01; *** p<0.001. Data is 






































































































































Figure 8: Cell viability at different heat stress temperatures.  Cells were subject 
to 37°C or 42°C or 45°C for 1h and allowed to recover at 37°C for 24h. Cell viability 
was then determined by subjecting the cells to crystal violet assay. Data represents 




3.1.2 Heat duration dependent cytokine response 
 
Having established that 42°C is a suitable temperature for inducing the heat 
stress response (HSR), we next investigated the duration of exposure to 42°C 
that would be sufficient to induce a heat stress response. BMMO obtained 
from WT and ANXA1 KO BALB/c mice were treated at 37°C or 42°C for a 
duration of 30 minutes or 1 hour. Cells were then treated with 100ng/ml LPS 
immediately or after 2h or 4h of recovery from heat. Cell supernatants were 
harvested 24h after LPS treatment and assayed for TNFα and IL-6, which 
were clearly regulated by the induction of heat stress. The differential 
regulation of cytokines between control and heat treated cells over different 
time points of recovery would determine a sufficient duration to induce the 
HSR. 
 
























30 minutes exposure of cells to 37°C or 42°C did not cause an inhibition in 
cytokine production even after different durations of recovery. TNFα and IL-6 
levels increased upon induction with LPS at all time points before finally 
reaching a plateau after 4 hours of recovery (Figure 9), indicating that 30 
minutes of heat stress at 42°C is insufficient to induce the HSR. However, WT 
macrophages exposed to 1 hour of heat stress exhibited significant 
downregulation of LPS induced TNFα production (Figure 10A). While the 
decrease in TNFα levels was most evident in H + LPS treated WT cells at 0 
hours of recovery, TNFα levels started to increase after 2 hours and 4 hours of 
recovery at 37°C (Figure 10A). This indicates that heat stress at 42°C was 
sufficient to cause dysregulation in TNFα levels, but still allowing cells to 
recover at physiological temperatures relieved the cells of heat stress.  
Decreases in LPS induced TNFα levels was not observed in heat treated 
ANXA1 KO cells, once again implying the involvement of ANXA1 in the 
regulation of TNFα during heat stress. IL-6 levels were downregulated in both 
the WT and ANXA1 KO cells (Figure 10B). Although there was significant 
inhibition of LPS induced IL-6 in the WT as compared to the ANXA1 KO 
cells, the role of ANXA1 in the regulation of IL-6 is not as clear and 
consistent as that seen with TNFα since IL-6 levels were affected in both heat 
treated WT and ANXA1 KO cells. Recovery in LPS induced IL-6 levels was 
only seen after 4 hours of recovery in the heat treated WT cells, while LPS 
induced IL-6 production in the ANXA1 KO cells remained low even after 4 
hours of recovery from heat stress. In summary, 1 hour incubation at 42°C is 
required to cause dysregulation in cytokine response during heat stress and is 
therefore the suitable duration to induce heat stress. This result also indicates 
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that the presence of ANXA1 is important in protecting the cell against an 
inflammatory insult during stress, especially in the regulation of TNFα. 
  
 
Figure 9: LPS induced cytokine levels with 30 minutes treatment at 37°C or 
42°C. Cells were then allowed to recover for 0 hours, 2 hours or 4 hours before LPS 
was administered. Cell supernatant was harvested 24h later and assayed for cytokines 





Figure 10: LPS induced cytokine levels with 1h treatment at 37°C or 42°C. Cells 
were then allowed to recover for 0 hours, 2 hours or 4 hours before LPS was 
administered. Cell supernatant was harvested 24 hours later and assayed for cytokines 













































































3.2 Role of ANXA1 in LPS induced TNFα  production upon heat stress 
 
The data presented above provides sufficient evidence to show that, of the 
cytokines assayed, TNFα was clearly regulated by ANXA1 during HSR. To 
further evaluate the role of ANXA1 in stress response, further experiments 
will be based on ANXA1 mediated regulation of TNFα during stress response. 
 
 
3.2.1 Changes in TNFα  cytokine profile due to endogenous factors  
 
 
Similar to the release of cytokines upon a stimulus, other factors could be 
released into the cell supernatant, which could inhibit the production of TNFα 
during heat stress. Furthermore, we investigated if ANXA1 could be playing 
its protective role as a secreted protein. Therefore, untreated BMMO were 
treated with supernatant from control and heat-treated cells with LPS for a 
period of 24 hours and then assayed for TNFα cytokine production.  
 
Treatment of bone marrow derived macrophages with supernatant from 
control and LPS treated cells resulted in the production of TNFα in both the 
WT and ANXA1 KO cells, similar to cells that were treated at 37°C  (Figure 
11A). Cells treated with supernatant from H + LPS treated cells also produced 
TNFα in both the WT and ANXA1 KO cells (Figure 11A). There was no 
significant difference in TNFα levels between the H + LPS supernatant treated 
WT and ANXA1 KO cells. This indicates that no exogenous factors were 
secreted into the supernatant, which may be responsible for the differential 
production of TNFα between heat and LPS-treated WT and ANXA1 KO cells. 
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This also implies that the differential cytokine production during stress is not 
due to secreted ANXA1 but rather, a result of the actions of endogenous 
ANXA1. 
 
To confirm this hypothesis, supernatant was removed from control and heat-
treated cells which were then treated with fresh supernatant and LPS (Figure 
11B). Despite the removal of the supernatant, LPS induced TNFα was still 
inhibited in the heat treated WT but not ANXA1 KO macrophages (Figure 
11B). This data further confirms the hypothesis that the change in TNFα 
cytokine production is due to the presence and regulation of endogenous 
factors. 
 
Figure 11: TNFα  cytokine profile upon treatment with heat stressed 
supernatant. A) Cells were treated with control or heat-treated supernatant from 
another batch of cells. Cells did not undergo any further heat stress treatment. Cells 
were then treated with LPS and the supernatant was harvested 24 hours later and 
assayed for TNFα levels. B) Cells were subject to either 37°C or 42°C in a water bath 
for 1h. The supernatant was then removed and fresh media was added to these cells. 
LPS was added and the supernatant was harvested 24 hours later and assayed for 
TNFα levels. * represents significant differences between WT and KO cells of the 
same treatment group. * p<0.05, *** p<0.001. Data is representative of 2 separate 
experiments 
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3.2.2 Changes in TNFa cytokine profile during stress does not involve 




Formyl peptide receptors (FPRs) are hepta-helical G-protein coupled receptors 
that have been shown to bind to the N terminus of ANXA1 and thus plays a 
role in mediating the effects of exogenous ANXA1 (Rescher and Gerke, 2004; 
Lim and Pervaiz, 2007). BBV and 3570 – 0208 (3570) and BB-V-115 (BBV) 
are potent inhibitors of FPR 1 and 2 respectively (Kirpotina et al., 2010) that 
were used to inhibit the FPRs. BOC, a tert-butyloxylcarbonyl group is also 
known to inhibit the FPR ligands (Stenfeldt et al., 2007). To confirm that 
secreted ANXA1 plays no role in its differential regulation of TNFα during 
stress, the ANXA1 receptor, FPR was inhibited to block its signaling pathway.  
 
Once again, TNFα levels were downregulated in the presence of LPS and heat 
stress (Figure 12A). WT cells pretreated with FPR inhibitors BBV and 3570 
for 1h prior to heat also exhibited downregulation of TNFα during heat stress, 
indicating that inhibition of the FPR does not reverse the inhibition of TNFα 
observed during heat stress. This confirms that secreted ANXA1 does not play 
a role in the downregulation of TNFα in WT cells. Similarly, cells treated 
with FPR ligand inhibitor, BOC did not affect TNFα levels (Figure 12B), 
further confirming that secreted ANXA1 and FPR are not involved in the 






Figure 12: TNFα  cytokine levels in WT macrophages after treatment with FPR 
and FPRL inhibitors. Cells were treated with A) BBV (10uM), 3570 (10uM) and B) 
BOC (10uM). Cells were pre treated with these inhibitors for 1h and then subjected to 
37°C or 42°C for 1 hour followed by LPS treatment. The supernatant was then 
harvested 24 hours later and assayed for TNFα. ** p<0.01, *** p<0.001. Data is 




3.2.3 TNFα  mRNA levels  
 
 
Heat stress was shown to inhibit LPS induced TNFα levels at the 
transcriptional level (Snyder et al., 1992; Meng and Harken, 2002) thereby 
explaining its decreased cytokine production. In order to determine if the 
inhibition of TNFα during stress in the WT cells was a result of its 
transcriptional inhibition or a post-transcriptional effect, TNFα mRNA levels 
were assayed using real time PCR.  
 
TNFα mRNA levels were not significantly different in the WT cells as 
compared to the ANXA1 KO cells after LPS treatment. This trend is different 
from its cytokine expression assayed by ELISA where ANXA1 KO cells 
exhibited higher TNFα production after LPS. As expected, heat stress resulted 
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in downregulation of LPS-induced TNFα mRNA (Figure 13). While this trend 
was similar to its cytokine response, TNFα mRNA levels were also not 
significantly different in the heat-treated WT cells as compared to heat-treated 
ANXA1 KO cells. TNFα was thus not differentially regulated between WT 
and ANXA1 KO cells by heat stress at the mRNA level. This suggests post-
transcriptional modification or regulation of the TNFα mRNA transcript, in 




Figure 13: LPS induced TNFα  mRNA levels upon heat stress. RQ values 
expressed as fold change relative to the control time point for each series. Samples 
were subject to control or heat treatment for 1h followed by LPS treatment. RNA was 




3.2.4 TNFα  mRNA stability during heat induced stress 
 
 
TNFα expression is controlled transcriptionally and post transcriptionally 
(Anderson, 2000). Post-transcriptional regulation involves mRNA stability 
and translation (Qureshi et al., 2003; Cuschieri et al., 2004). Destabilization of 


































LPS TNFα mRNA during exposure to febrile range temperatures is one of the 
mechanisms in which heat stress regulates cytokine levels (Ensor et al., 1995). 
Since TNFα mRNA was not differentially regulated between H+LPS WT and 
ANXA1 KO cells, TNFα mRNA stability was determined upon heat stress. 
We predict that a higher stability of TNFα mRNA in H+LPS treated ANXA1 
KO cells and a lower stability in the WT cells would translate to a 
downregulation of TNF production in WT but not KO cells (as shown in 
figures 5 to 7). 
 
Cells treated with LPS exhibited a shorter half-life when compared to control 
untreated cells (t1/2=18 minutes vs 3465 minutes in WT cells and t1/2=27 
minutes vs 50 minutes in KO cells at 30 minutes). A shorter half-life indicates 
a greater rate of mRNA decay and thus a possibly lower rate of translation and 
thus cytokine production. Treatment of cells with heat resulted in higher 
TNFα mRNA stability in both WT and ANXA1 KO cells after LPS treatment 
(Figure 14 C and D). The TNFα mRNA half-life after H+LPS was higher in 
ANXA1 KO cells as compared to the WT (43 minutes in Wt and 115 minutes 
in KO at 30 minutes). The consistently higher half-life of LPS induced TNFα 
mRNA in both control and heat-treated ANXA1 KO cells correlate to the 
higher TNFα cytokine production (Figure 6A), as compared to the WT cells. 
Hence we show here that ANXA1 can regulate the expression of TNFα 
mRNA post transcriptionally in the form of transcript stability, therefore, 





Figure 14: TNFα  mRNA stability after treatment with heat and LPS. Cells were 
treated at A and B) control or C and D) heat stress temperatures for 1 hour followed 
by 100ng/ml LPS treatment. 5ug/ml ActD was added to the cells and cells were 
harvested at different time points post ActD treatment as seen in the figure. Time in 
minutes denote the half-life of the TNFα mRNA in each of the figure legends. Data is 








TLR signaling pathways are important signaling mediators in inflammation. 
With 10 receptors in the family, each are activated by different agonists (Kopp 
and Medzhitov, 1999). The two main TLR signaling pathways are the MyD88 
dependent and MyD88 independent or TRIF dependent pathways (Akira et al., 
2001). TNFα is predominantly a MyD88 pathway dependent cytokine (Cho et 
al., 2009). TNFα can also be produced in a delayed fashion by the TRIF 





















































































































determine the TLR pathway that is affected during heat stress, WT and 
ANXA1 KO macrophages were treated with various TLR agonists activating 
the MyD88 pathway, TRIF pathway or both.  
 
 
3.3.1 LPS specific response upon heat stress  
 
 
WT and ANXA1 KO bone marrow-derived macrophages were treated with 
various agonists activating different TLRs, which activate either the MyD88 
dependant pathway, TRIF dependent pathway or both. TNFα produced by 
these agonists during stress would indicate which of the 2 major TLR 
signaling pathways are involved in stress response. 
 
LPS, a TLR4 agonist activates both the MyD88 dependent and independent 
pathway (Toshchakov et al., 2002; Hoebe et al., 2003). As shown in Figure 14 
and previously in Figure 6, LPS induces TNFα production, which is inhibited 
by heat in the WT but not ANXA1 KO cells during heat stress. ODN 
(CPG1826) is a TLR9 agonist, which only activates the MyD88 dependent 
pathway. Treatment of WT and ANXA1 KO cells with ODN resulted in a 
significant induction of TNFα, which was inhibited by heat in WT cells, and 
completely unaffected by heat in ANXA1 KO cells. Poly (I:C) or PIC, a TLR 
3 agonist, activates the MyD88 independent pathway. Figure 15 demonstrates 
that treatment with PIC did not produce TNFα in either WT or ANXA1 KO 
macrophages. In summary, this data suggests that the differential regulation of 
TNFα by ANXA1 during heat stress may be dependent upon the MyD88-





Figure 15: Cells treated with agonists of various TLRs. Cells were pre treated with 
the agonists for 1 hour before treatment with heat stress and LPS (100ng/ml). Cell 
supernatants were assayed for TNFα levels 24 hours later. * p<0.05. 
 
 
Since the MyD88 pathway was involved in TNFα production, macrophages 
from MyD88 KO and TRIF mutant mice (kind gift from Dr Subhra Biswas, 
SIGN) were used to determine if these key mediators of inflammation were 
involved in the stress response.  
 
 
3.3.2 MyD88 KO 
 
 
To determine if MyD88 adaptor protein is crucial for the signaling of TNFα 
via the MyD88 dependent pathway, a MyD88 KO mouse macrophage model 
was used.  
 
As described earlier, LPS activates both the MyD88 dependent and 
independent signaling pathways, while both ODN and R848, a TLR7 agonist 
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activate only the MyD88 dependent pathway. PIC, on the other hand, only 
activates the TRIF dependent pathway. In MyD88 KO BMMOs treated with 
ODN and R848, the absence of MyD88 results in a lower TNFα production 
compared to its WT counterparts and partial inhibition when treated with LPS, 
confirming that it also signals via the MyD88 independent pathway. A 
complete abrogation of TNFα production was observed in heat-treated 
MYD88 KO cells stimulated with all the agonists. Once again, PIC did not 
induce any TNFα production and the inhibition of MyD88 did not alter TNFα 
levels. This data shows that MyD88 is involved in TNFα production and it 
may be partly responsible for the reduced TNFα production seen in heat 







Figure 16: Stress treatment using the MyD88 mouse macrophage KO (MKO) 
model. Cells were subject to 37°C or 42°C for 1 hour followed by treatment with the 
various TLR agonists A) LPS, B) ODN, C) R848 and D) PIC.  Cell supernatants were 
harvested 24 hour later and assayed for TNFα. * represents differences between WT 
and MKO heat treated cells. ^ represents differences between WT and MKO cells of 





3.3.3 TRIF KO 
 
 
To determine if the TRIF adaptor protein had any role to play in TNFα 
production, in its delayed mechanism, WT and TRIF inactive mutant (IM) 
BMMO were activated with various agonists as above and subjected to heat 
stress. 
 
Treatment of normal cells with LPS, ODN and R848 resulted in high 
production of TNFα after 24 hour stimulation.  Inactivation of TRIF resulted 




































































in an inhibition of LPS but not ODN and R848-stimulated TNFα production.  
Inactivation of TRIF also resulted in an inhibition of LPS and ODN, but not 
R848 induced TNFα after heat. TNFα was significantly inhibited in TIM cells 
treated with PIC as compared to PIC treated WT cells. Therefore, this data 
suggest that heat-induced inhibition of TNFα after LPS treatment is regulated 




Figure 17: Stress treatment using the TRIF mouse macrophage KO model 
(TIM). Cells were subject to 37°C or 42°C for 1 hour followed by treatment with the 
various TLR agonists A) LPS, B) ODN, C) R848 and D) PIC. Cell supernatants were 
harvested 24 hours later and assayed for TNFα. * represents differences between WT 
and TIM heat treated cells. ^ represents differences between WT and TIM cells of the 










































































3.4 Role of HSP70 in Annexin-1 mediated stress response 
 
 
HSP70 is one of the most important inducible heat shock proteins. It functions 
in a variety of cellular processes that aids the cell in recovery from a stressful 
condition (Leppa and Sistonen, 1997). There are no previous reports on the 
relationship between ANXA1 and HSP70. However, both ANXA1 and HSP70 
have similar properties such as in cell protection during stress (Leppa and 
Sistonen, 1997; Rhee et al., 2000; Rattan et al., 2004; Nair et al., 2010) as well 
as its protective role in inflammation (Ensor et al., 1994; Wu et al., 1995; 





3.4.1 Protein expression levels of HSP70 
 
 
Since both HSP70 and ANXA1 are involved in stress response, we wished to 
determine HSP70 expression levels during stress response in WT and ANXA1 
KO macrophages.  
 
As shown in Figure 17, HSP70 is clearly only expressed in heat treated cells, 
showing that 42°C is a suitable temperature to activate the HSR via the 
induction of HSP70. Treatment of cells with or without LPS did not change 
HSP70 expression (Figure 18A and B), as HSP70 was produced in heat 
stressed cells despite the absence of LPS (Figure 18A). Interestingly, HSP70 is 
expressed in the WT heat-treated cells but its expression is low or completely 
inhibited in the ANXA1 KO cells. The longer the duration after heat stress, the 
higher the expression of HSP70 in the WT cells (Figure 18), with no change in 
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the ANXA1 KO cells. Thus, the expression of HSP70 after heat is dependent 
on the presence of ANXA1. The expression of HSP70 between heat-treated 
WT and ANXA1 KO cells may be the key factor, which mediates the 






Figure 18: Protein expression levels of HSP70 during stress. WT and ANXA1 KO 
cells were subject to 37°C or 42°C without LPS (A) or followed by treatment with 
100ng/ml LPS. Cells were harvested for western blot after 30min and 1h of recovery 




3.4.2 RNA expression levels of HSP70 
 
 
Since the absence of ANXA1 was shown to inhibit the expression of HSP70 
after heat, it was important to determine if the inhibition of HSP70 expression 
in heat stressed ANXA1 KO cells is also present at the mRNA level. 
A very high level of HSP70 mRNA was induced upon heat stress (over 1000 
fold as compared to control cells (Figure 19). While HSP70 protein levels 
appear to be present at very low levels in heat-treated ANXA1 KO cells, its 
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mRNA levels are still present at high levels. This suggests that ANXA1 
regulates HSP70 expression post transcriptionally during stress, which results 





Figure 19: HSP70 mRNA levels in cells undergoing stress. Cells were subject to 
37°C or 42°C for 1 hour followed by treatment with 100ng/ml LPS. Cells were 
harvested at 0, 30 and 60 minutes post LPS treatment for RNA extraction. HSP70 
mRNA levels were assayed using qPCR. mRNA levels are quantified as RQ values 




3.4.3 HSP70 RNA stability during heat stress 
 
 
HSP70 levels are differentially regulated at the mRNA and protein levels, 
indicating that a post-transcriptional regulation could be playing a role. mRNA 
transcript stability is one of the regulatory mechanisms that can affect the 




mRNA stability is the rate of decay of the transcript and is determined by their 
half lives. As shown in Figure 20, in the case of HSP70, there is no consistent 
difference in message stability between the WT and ANXA1 KO cells. In the 
control group, ANXA1 KO cells had a higher half-life after 30 minutes and 60 
minutes of LPS treatment as compared with the WT cells. In the heat stress 
group, the WT cells exhibited greater HSP70 mRNA half-life at 0 minutes and 
1 hour of LPS treatment as compared to the ANXA1 KO cells. While this 
indicates that the greater half life in heat treated WT cells could be translating 
to its greater protein production as compared to ANXA1 KO cells, its half life 
is not consistently higher than the ANXA1 KO at all time points. The 
variations in half lives were similar between the control and heat treated 
group, and thus message stability for HSP70 cannot be used to explain the 
high difference in protein translation between the control treated and heat 






Figure 20: HSP70 mRNA stability. Cells were subject to 37°C or 42°C for 1 hour 
followed by treatment with 100ng/ml LPS. Cells were then treated with 5ug/ml 
actinomycin D and harvested at various time points. Graphs A and B represent WT 
and ANXA1 KO cells subject to control treatment respectively. Graphs C and D 




3.4.4 Inhibitor studies using HSP70 inhibitor VER155008 
 
 
ANXA1 has shown to positively regulate HSP70 expression (Figure 18). As 
such, it is hypothesized that ANXA1-mediated inhibition of TNFα during 
stress may be taking place via HSP70 signaling. Also, HSP70 has been shown 
to inhibit TNFα levels and protect cells from TNFα mediated cytotoxicity 
(Jaattela and Wissing, 1993; Meng and Harken, 2002), thus indicating the link 
between HSP70 and ANXA1 in TNFα production.  
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Inhibitors of HSP70 are rare and are mostly inhibited by means of siRNA gene 
knockdown. However, given the very low transfection efficiency of the 
primary bone marrow macrophages, the feasibility of using a drug-induced 
inhibition is higher. VER155008 (VER) has been discovered as a novel small 
molecule adenosine derived inhibitor of HSP/HSC 70 with an IC50 of 0.5uM 








Figure 21: HSP70 expression levels upon treatment with HSP70 inhibitor 
VER155008. Cells were treated with various doses of VER 155008 for 3 hours and 
then subject to 42°C. The heat stressed cells were treated with 100ng/ml of LPS and 




Since HSP70 levels are only produced in heat treated cells at early time points, 
only heat treated cells were used to test the effect of VER on the inhibition of 
HSP70. VER155008, indeed reduced HSP70 levels at a concentration of 
10uM and 20uM (Figure 21). At 20uM, HSP70 is completely inhibited by 
VER155008. Next, TNFα cytokine production was determined after the 
inhibition of HSP70. Inhibiting HSP70 is expected to eliminate its protective 
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effect and hence prevent the inhibition of LPS induced TNFα in heat stressed 
cells. 
 
Cells treated with only DMSO and LPS resulted in a decrease in TNFα during 
heat stress. Treatment with the HSP70 inhibitor VER155008, did not reverse 
the decrease in TNFα levels in the heat treated cells. Increasing the 
concentration of VER beyond 10uM further reduced the levels of TNFα. 
However, VER inhibited HSP70 at concentrations beyond 10uM (Figure 21). 
Hence, the inhibition of HSP70 resulted in a further reduction in TNFα levels, 
rather than reversing the inhibition of TNFα. The further reduction of TNFα 
could be due to very high concentrations of the drug, which has no effect. 
Although HSP70 levels were highly expressed in heat-treated WT cells, the 
inhibition of HSP70 did not reverse the down regulation of TNFα, unlike the 
effect of inhibiting ANXA1. 
 
 
Figure 22: HSP70 inhibitor treatment. WT bone marrow derived macrophages 
were treated with various doses of VER 155008 for 3 hours. The cells were then 
subject to 37°C or 42°C for 1 hour followed by 100ng/ml LPS treatment. Cell 
supernatants were harvested 24 hours later and assayed for TNFα using ELISA. * 
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represents differences between control and heat treated cells of each treatment 




3.5 Role of the MAPK pathway during heat stress  
 
 
The MAPK pathway plays a crucial role in signaling and affects a variety of 
important cellular processes such as gene expression, cell proliferation, 
apoptosis and survival (Cargnello and Roux, 2011). The main members of the 
MAPK pathway that will be included in this study are ERK 1/2, p38 and JNK. 
While ERK 1/2 is activated mainly by growth factors, p38 and JNK are 
activated by stress stimuli (Brenner et al., 1989; Boulton et al., 1990; 
Cargnello and Roux, 2011). While also being activated by cytokines like 
TNFα, the members of the MAPK family can also play a role in inflammatory 
regulation by modulating cytokine production (Thornton and Rincon, 2009; 
Cargnello and Roux, 2011). The early activation phase of the MAPK pathway 
is involved in the regulation of pro inflammatory cytokine production and 
their mRNA stability, while its late phase is involved in anti inflammatory 




Figure 23: Activation of the TLR pathway. TLR activation results in the induction 
of the MyD88 pathway, which leads to the activation of NFkB and the MAPK 
pathways. NFkB controls pro inflammatory gene transcription. MAPKs regulate both 
pro inflammatory gene transcription and their mRNA stability (Han, 2006). 





The MAPK thus plays a key role in the regulation of inflammatory cytokines 
like TNFα and hence may be playing a role in the differential regulation of 
TNFα. MAPK members are also implicated in stress mechanisms as they are 
activated by stress stimuli. They have been implicated in HSP70 signaling 
during stress (Gabai et al., 1997; Mosser et al., 1997), which proves further its 
role in inflammatory stress response. Besides its role in inflammatory stress 
response, MAPK is also regulated by ANXA1. Over expression of ANXA1 
inhibited ERK activity (Alldridge et al., 1999) and its absence resulted in the 
increase in expression of ERK, p38 and JNK. Hence it is important to 
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determine the protein expression levels of the MAPK family during stress 




3.5.1 Protein expression of MAPK upon heat stress 
 
 
Protein expression levels of the MAPK were determined upon stress 
induction. Levels of ERK 1/2 p38 and JNK, the main members of the MAPK 
family in this study were assayed.  
 
pERK levels were only seen in WT cells subject to control treatment, while its 
expression levels were not seen in any of the other cells that were not treated 
with LPS (Figure 24A). In contrast, treatment of cells with 100ng/ml LPS 
resulted in the phosphorylation and activation of ERK (Figure 24B). Since 
TNFα is produced after LPS treatment, LPS induced MAPK expression levels 
will be focused on in this study. LPS induced pERK levels resulted in high 
levels of pERK in ANXA1 KO cells subject to control treatment. While 
treatment of cells with heat reduced LPS induced pERK expression levels, its 
levels were still higher in the ANXA1 KO cells. Therefore ERK is involved in 
the stress response. Since MAPK has been proven to lead to the transcription 
and regulation of pro inflammatory cytokines like TNFα could explain its 





Figure 24: Protein expression levels of ERK 1/2. pERK and total ERK (T-ERK) 
expression levels A) without LPS treatment and B) with LPS treatment. Cells were 
subject to 37°C or 42°C for 1 hour. Cells were then harvested for western blot 
analysis after 30 minutes or 1 hour or after 30 minutes or 1 hour of LPS treatment. 




Figure 25A shows basal expression of P38. Induction of heat stress in the 
absence of LPS did not change P38 levels. However, treatment with LPS 
resulted in differential expression of P38 between WT and ANXA1 KO cells 
(Figure 25). P38 expression levels were noticeably higher in the ANXA1 KO 
cells subject to heat treatment. Induction of heat stress did not increase or 
reduce pP38 expression levels but still maintained higher expression levels in 






Figure 25: Protein expression levels of P38. pP38 and total P38 (T-P38) expression 
levels A) without LPS treatment and B) with LPS treatment. Cells were subject to 
37°C or 42°C for 1 hour. Cells were then harvested for western blot analysis after 30 
minutes or 1 hour or after 30 minutes or 1 hour of LPS treatment. Data is 




JNK is a member of the MAPK that is activated by stress. JNK is activated 
and phosphorylated only upon induction of heat stress (Figure 26A). pJNK 
levels are higher in the ANXA1 KO cells as compared to the WT cells. Upon 
treatment with LPS, pJNK is expressed only in heat-treated cells and are 
expressed at higher levels in the ANXA1 KO cells especially after 1 hour of 
LPS treatment (Figure 26B). Since JNK is specifically activated and expressed 
only in stressed cells and is differentially regulated between WT and ANXA1 
KO cells, it could be playing a role in the regulation of ANXA1 mediated 





Figure 26: Protein expression levels of JNK. pJNK and total JNK (T-JNK) 
expression levels A) without LPS treatment and B) with LPS treatment. Cells were 
subject to 37°C or 42°C for 1 hour. Cells were then harvested for western blot 
analysis after 30 minutes or 1 hour or after 30 minutes or 1 hour of LPS treatment. 








MAPK has thus been shown to play an important role during heat stress as 
determined by their differential protein expression levels (Figures 24, 25 and 
26). Moreover, the expression levels of ERK, P38 and JNK were also 
differentially regulated between WT and ANXA1 KO cells. Hence MAPK 
might be playing a key role in the differential production of TNFα during 
stress. In order to determine if the differential regulation of the MAPK 
members or its higher expression levels in ANXA1 KO cells is responsible for 
the ANXA1 mediated TNFα production during stress, specific inhibitors of 
the MAPK cascade was used.  
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The ERK 1/2 inhibitor U0126 is involved in TNFα production (Figure 27A). 
Inhibition of ERK using both 10uM and 30uM of U0126 resulted in a 
significant decrease in TNFα (Figure 27A), indicating that ERK contributes to 
the production of TNFα. Since both 10uM and 30uM of U0126 resulted in 
similar inhibition of TNFα, 10uM U0126 was used for subsequent inhibition 
studies. At 10uM, pERK levels were inhibited indicating that the 
concentration of ERK inhibitor selected was sufficient to inhibit ERK 
expression (Figure 27B). U0126 resulted in a significant decrease in TNFα 
levels during heat stress. TNFα production was also significantly reduced in 
the ANXA1 KO cells to levels similar to that in the WT cells during stress. 
The heat stressed cells have a much lower cytokine production upon inhibition 
of ERK, as compared to the control cells (Figure 27C). The inhibition of ERK 
could thus be a possible reason for the ANXA1 mediated decrease in TNFα 






Figure 27: ERK inhibitor treatment during stress. A) Dose response of ERK 
inhibitor U0126. Cells were treated with 10uM or 30uM of ERK inhibitor for 1 hour. 
100ng/ml LPS was then added to the cells and the cell supernatants were harvested 24 
hours later and assayed for TNFα levels. B) Effect of U0126 on ERK expression. 
Cells were treated with 10uM U0126 for 1h followed by LPS or no LPS treatment 
and harvested for western blot 30 minutes post LPS treatment. C) Effect of ERK 
inhibition during heat stress. Cells were treated with 10uM of U0126 for 1hour and 
then subject to 37°C or 42°C for 1 hour followed by LPS treatment (100ng/ml). Cell 













































































U0126       -        -      +        +      -        -        +         + 
(10uM) 
LPS                   -        -      -         -       +      +       +         + 





significant difference against DMSO + LPS treatment in A and against the control 
treatment in B. # represents significant difference against the non inhibitor treated 
cells. * p<0.05; ** p<0.01; ### p<0.001. 
 
 
P38 inhibitor, SB203580 caused a significant decrease in TNFα levels at both 
10uM and 50uM (Figure 28A). This indicates that P38 also plays a role in 
cytokine production. Since the inhibition of TNFα was similar at both 10uM 
and 50uM, 10uM concentration was used for further experiments. SB203580 
is known to inhibit p38 MAPK catalytic activity without affecting the 
phosphorylation of p38 and by inhibiting the downstream signaling 
components of p38, such as ATF-2 phosphorylation (Kumar et al., 1999; 
Yamagishi et al., 2001). Phospho-ATF-2 levels were thus slightly decreased 
upon treat treatment with 10uM of the p38 inhibitor (Figure 28B). This, 
together with the inhibition of cytokine production seen in figure 28A with the 
use of SB203580, indicates that 10uM is sufficient to inhibit the activity of 
p38. When cells were treated with heat, inhibition of P38 caused a significant 
inhibition of TNFα levels in the ANXA1 KO (Figure 28C). However, the 
TNFα levels after P38 inhibition in the ANXA1 KO cells were still 
significantly higher than the WT. While P38 might be playing a role in TNFα 







Figure 28: P38 inhibitor treatment during stress. A) Dose response of P38 
inhibitor, SB203580. Cells were treated with 10uM and 50uM of P38 inhibitor for 1 
hour. 100ng/ml LPS was then added to the cells and the cell supernatants were 
harvested 24 hours later and assayed for TNFα levels. B) effect of SB203580 of pP38 
and pATF-2 expression. Cells were treated with 10uM of SB203580 for 1h and cells 
were harvested 30 minutes later for western blot. C) Effect of P38 inhibition during 
stress. Cells were treated with 10uM of SB203580 for 1 hour. Cells were then subject 
to 37°C or 42°C for 1 hour followed by LPS treatment (100ng/ml). Cell supernatant 
was harvested 24 hours later and assayed for TNFα levels. * represents significant 



















































































SB203580           -            -         +        +     
(10uM) 





where indicated by brackets in B. # represents significant difference against the non 




JNK is also involved in the regulation of TNFα. Inhibition of JNK using 
SP600125 resulted in a significant inhibition of TNFα levels (Figure 29A). 
Inhibition of JNK with 10uM and 20uM SP600125 resulted in the same 
amount of inhibition and hence the 10uM concentration of the drug was used 
for further studies. 10uM of JNK resulted in an inhibition of pJNK levels upon 
stimulation with heat and hence indicates that 10uM of the SP600125 is 
sufficient to cause inhibition of JNK (Figure 29B). Inhibition of JNK resulted 
in a decrease in TNFα levels in control cells and an almost complete 
inhibition of TNFα in heat-treated cells (Figure 29C). This indicates the 
importance of JNK in TNFα cytokine production. However, TNFα levels are 
still significantly higher in the ANXA1 KO cells. This once again indicates the 
combined role ERK, P38 and JNK in TNFα production. However, the 
decrease in TNFα levels is more substantial when treated with a JNK inhibitor 
a compared to treatment with ERK or P38 inhibitor. Moreover, the specific 
upregulation of pJNK in the ANXA1 KO cells (Figure 26) indicated the 





Figure 29: JNK inhibitor treatment during stress. A) Dose response of JNK 
inhibitor, SP600125. Cells were treated with 10uM and 20uM of JNK inhibitor for 
1h. 100ng/ml LPS was then added to the cells and the cell supernatants were 
harvested 24 hours later and assayed for TNFα levels. B) Effect of SP600125 on 
pJNK expression. Cells were treated with 10uM of SP600125 for 1h followed by heat 
or no heat treatment for 1h. cells were then treated with LPS and harvested 30minutes 
later for western blot. C) Effect of JNK inhibition during stress. Cells were treated 
with 10uM of SP600125 for 1 hour. Cells were then subject to 37°C or 42°C for 1 
hour followed by LPS treatment (100ng/ml). Cell supernatant was harvested 24 hours 




























































































SP600125       -        -      +        +      -        -        +         + 
(10uM) 
Heat                  -        -      -         -       +       +       +         + 





+ LPS treatment in A and against the control treatment or where indicated by brackets 
in B. # represents significant difference against the non inhibitor treated cells. * and # 









Aside from chemical inhibitors of the MAPK cascade, there exists an 
endogenous inhibitor of the main members of the MAPK family. The MAPK 
family members are activated by dual phosphorylations on threonine and 
tyrosine residues located beside each other (Kyriakis and Avruch, 2001). 
MAPK Phosphatase-1 (MKP-1) is an endogenous dual specificity phosphatase 
that dephosphosphorylates the phosphorylated threonine and tyrosine residues 
present in the MAPKs (English et al., 1999; Camps et al., 2000). MKP-1 acts 
to inactivate the main members of the MAPK family such as ERK, P38 and 
JNK. MKP-1 expression levels are increased upon heat stress, mediated by 
elevated HSP70 levels and thus caused the inactivation of the MAPK (Lee et 
al., 2005). Thus, the differential regulation of the MAPK observed in this 
study may be explained by differential expression of MKP-1 levels during 
heat stress. 
 
MKP-1 expression levels were similar across WT and ANXA1 KO cells and 
across control and heat-treated cells (Figure 30A). In cells subject to control 
and LPS treatment, MKP-1 levels were also similar across WT and ANXA1 
KO cells (Figure 30B). However, cells subject to heat and LPS treatment, 
expressed differences in MKP-1 levels between the WT and ANXA1 KO 
cells. WT cells clearly expressed higher levels of MKP-1 as compared to the 
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ANXA1 KO cells (Figure 30B). Higher levels of MKP-1 are indicative of 
inactivation of the MAPK family. The higher levels of LPS induced MKP-1 
expression in heat treated cells explain the lower levels of pERK, pP38 and 
pJNK levels present in the WT cells and thus provides an explanation of the 
differential regulation of the MAPK members between WT and ANXA1 KO 
cells during heat stress. 
 
 
Figure 30: Protein expression levels of MKP-1. A) MKP-1 expression levels in WT 
and ANXA1 KO cells during stress in the absence of LPS. B) MKP-1 expression 
levels in WT and ANXA1 KO cells during stress. Cells were also treated with 




3.6 Role of the NFkB pathway during heat stress 
 
 
The MAPK is not the only group of proteins regulating cytokine production. 
Major nuclear transcription factor, NFkB is also responsible for cytokine 
production (Figure 23), especially that of TNFα (Barnes and Karin, 1997). 
Once activated, NFkB translocates into the nucleus and binds to the kB 
binding site on the cytokine gene promoter and thereby starts transcription of 
that cytokine. NFkB is implicated in the regulation of LPS induced TNFα 
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(Hall et al., 2005; Shi et al., 2006). In the presence of stress, NFkB has also 
been reported to regulate TNFα levels. Inhibition of NFkB has been 
implicated during heat stress, leading to the inhibition of pro inflammatory 
cytokines like TNFα (Housby et al., 1999). 
 
 
3.6.1 IkBa protein expression 
 
 
NFkB exists in an inactive form in the cytoplasm, where it is bound to IkBα 
(Baldwin, 1996). IkBα acts as an inhibitory protein by preventing the 
translocation of NFkB into the nucleus (Baldwin, 1996). It thus functions in 
the regulation of NFkB activity and thereby regulates its effects. Upon 
activation of NFkB, by various cytokines and LPS, IkBα is phosphorylated, 
mediating its dissociation from NFkB (DiDonato et al., 1996; Sweet and 
Hume, 1996). The dissociation from NFkB leads to its translocation into the 
nucleus and thereby carrying out its gene trancription activities. Analyzing 
IkBα levels in the cytosol provides an indication of the expression status of 
NFkB. The higher the levels of IkBα in the cytosol, the more NFkB it is 
bound to and thus indicates the inactivity of NFkB. High levels of IkBα also 
indicates that NFkB has not translocated to the nucleus. Activated NFkB 
expression levels can be detected by phosphorylated IkBα expression levels in 
the cytosol. In order to determine if NFkB levels were differentially regulated 
between WT and ANXA1 KO cells, cytosolic IkBα expression levels were 
analysed by western blotting. 
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In the absence of LPS stimulation, IkBα expression levels were similar 
between control and heat treated cells (Figure 31A). There was also no 
differential regulation in IkBα levels between WT and ANXA1 KO cells 
(Figure 31A). The presence of IkBα indicates the inactivity of NFkB. This 
indicates that heat stress alone is insufficient to activate NFkB. Cells subject to 
control or heat treatment followed by LPS activation resulted in differential 
IkBα levels (Figure 31B). IkBα levels were generally higher in heat-treated 
cells as compared to the control cells (Figure 31B) after LPS treatment. The 
higher levels of LPS induced IkBα in the heat-treated cells indicate the 
presence of a higher level of inactive NFkB in the cytosol. Heat + LPS thereby 
inhibits NFkB expression levels. IkBα levels are also higher in the heat and 
LPS treated WT cells as compared to the ANXA1 KO cells. The levels of 
active NFkB are thus higher in the heat and LPS treated ANXA1 KO cells as 
compared to the WT cells. The lower levels of activated NFkB in the heat and 
LPS treated WT cells could thus explain the lower TNFα cytokine levels in 
these cells. Thus, besides the MAPK family, the differential regulation of 




Figure 31: IkBα  protein expression levels during stress. A) IkBα protein 
expression levels without LPS stimulation. Cells were harvested 30 minutes or 1 hour 
after control or heat treatment. B) LPS induced IkBα protein expression levels. Cells 
were subject to control or heat treatment for 1 hour followed by 100ng/mml LPS 




3.6.2 p65 localization during heat stress 
 
 
Upon activation, IkBα is phosphorylated and dissociates from NFkB, allowing 
NFkB to translocate into the nucleus (DiDonato et al., 1996; Sweet and Hume, 
1996). Protein expression levels of IkBα, is thus an indirect measure of NFkB 
that has translocated into the nucleus. For a more direct approach, Confocal 
microscopy was employed to determine NFkB levels in the cytoplasm and the 
nucleus. This was carried out by using specific antibodies against NFkB, that 
could be visualized under a confocal microscope. 
 
Control treatment in the absence of LPS activation resulted in NFkB being 
localized in the cytoplasm as depicted by the images with green staining in 
both control WT and control ANXA1 KO cells (Figure 32A). Merging the 
NFkB and nuclear images further proved the cytoplasmic localization of 
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NFkB (Figure 32C). Upon stimulation with LPS, NFkB appears to have 
colocalized into the nucleus in both WT and ANXA1 KO cells subject to the 
control group (Figure 32C). This clearly indicates that LPS is required to 
activate NFkB and cause the phosphorylation of IkBα, resulting in its 
dissociation from IkBα in the cytoplasm. This then allows NFkB to 
translocate to the nucleus. In order to determine if the NFkB nuclear 
translocation process was affected in heat-treated cells, the conflocal staining 





Figure 32: Nuclear localization of NFkB. Bone marrow macrophages were subject 
to 37°C for 1 hour. Cells in the LPS group were then treated with 100ng/ml of LPS. 
All cells were harvested 1h after control or LPS treatment. A) Green staining 
achieved by Alexa Flour 488 depicts the location of NFkB within the cell. B) Blue 
staining with DAPI represents the nucleus within the cell. C) Merged image of 
images A and B per treatment type to determine the colocalization of NFkB into the 







Heat treatment alone resulted in NFkB remaining within the cytoplasmic 
portion of the cell as no nuclear colocalization was visible (Figure 33A and 
C). This trend was similar in both heat-treated WT and ANXA1 KO cells. 
Similar to the cells in the control treatment group, the absence of LPS did not 
activate NFkB and hence did not translocate into the nucleus. When heat-
treated cells were stimulated LPS, the colocalization of NFkB into the nucleus 
was not as apparent as that seen in the control LPS treatment group (Figure 
32C and 33C). NFkB was still located in the cytoplasmic portion of the cell in 
both heat and LPS treated WT and ANXA1 KO cells. Therefore, heat stress 
inhibits LPS induced NFkB activation. The decrease in active NFkB 
expression explains the general decrease in LPS induced cytokine expression 
upon heat stress. However, there was no distinct difference in the localization 









Figure 33: Nuclear localization of NFkB during heat stress. Bone marrow 
macrophages were subject to 42°C for 1 hour. Cells in the LPS were treated with 
100ng/ml LPS. All cells were harvested 1h after heat or heat and LPS treatment. A) 
Green staining achieved by Alexa Flour 488 depicts the localization of NFkB within 
the cell. B) Blue staining with DAPI represents the nucleus within the cell. C) 
Merged images of A and B per treatment type to determine the colocalization of 













HSP70 is known to prevent the activation of stress kinases, including JNK 
(Gabai et al., 1997; Gabai et al., 1998). HSP70 is thought to inhibit MAPK 
activity, including JNK activity during heat stress (Gabai et al., 1997). This 
thus results in the inhibition of apoptosis, leading to cell survival (Gabai et al., 
1997; Gabai et al., 1998). HSP70 is possibly inhibiting MAPK by the 
upregulation of MAPK inhibitor MKP-1 (Lee et al., 2005). Since both HSP70 
and JNK are specifically activated by heat stress, and are differentially 
expressed in WT and ANXA1 KO cells, there is an indication that both 
HSP70 and JNK work together to inhibit TNFα levels during stress. In order 
to determine a possible signaling cascade involving HSP70 and JNK, inhibitor 
studies were employed to determine the effect of HSP70 on JNK during heat 
stress, in the presence and absence of ANXA1. 
 
 




HSP70 is only produced in heat-treated WT cells, while its expression is 
inhibited in ANXA1 KO cells (Figure 34). Treatment with VER155008 
resulted in slight inhibition of HSP70 at 5uM and 10uM concentrations and a 
complete inhibition at 20uM of VER155008 (Figure 34). Inhibition of HSP70 
at various concentrations increased the levels of pJNK in the WT as compared 
to the cells without VER treatment (Figure 34). pJNK levels in the ANXA1 
KO cells were similar yet to the WT cells treated with the HSP70 inhibitor 
(Figure 34). This therefore demonstrates that while the presence of HSP70 
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inhibits JNK activation, its absence results in an increase in pJNK levels. The 




Figure 34: Protein expression levels of HSP70 and pJNK upon treatment with 
HSP70 inhibitor during stress. Cells were treated with varying concentrations of the 
HSP70 inhibitor, VER155008 (VER) for 3 hours . Cells were then subject to heat 
treatment for 1h followed by addition of 100ng/ml LPS. Cells were harvested 30 





3.7.2 Effect of JNK inhibition on HSP70 levels 
 
 
pJNK is activated by stressful stimuli and in this case, heat stress. LPS 
induced pJNK is only produced upon stimulation with heat stress.  When 
treated with10uM of JNK inhibitor, SP600125, pJNK levels are completely 
inhibited, indicating the effectiveness of the drug. However, HSP70 was only 
produced in heat-treated cells in the presence of JNK (Figure 35). When pJNK 
levels were inhibited, HSP70 levels were also inhibited. The modification of 
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Figure 35: Protein expression levels of HSP70 and pJNK upon treatment with 
JNK inhibitor during stress. Cells were pretreated with 10uM of JNK inhibitor, 
SP600125 (SP) for 1 hour. Cells were then subject to control or heat treatment for 1 
hour. All the cells were then treated with 100ng/ml LPS and harvest 30 minutes later 




3.7.3 Inducing JNK also inhibits HSP70 (MG132) 
 
 
In order to determine the order of signaling events, another set of experiments 
was carried out. MG132 is a proteasomal inhibitor, which also functions as an 
inducer of pJNK.  
 
pJNK levels were induced upon heat treatment with higher levels present in 
the ANXA1 KO cells (Figure 36). When cells were treated with MG132 prior 
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to heat stress and LPS treatment, the levels of pJNK in heat-treated cells were 
further induced. The induction of pJNK, mediated by MG132 also resulted in 
an increase in pJNK levels in the WT cells (Figure 36). HSP70 was only 
expressed in heat-treated WT cells in the absence of MG132 treatment. Lower 
levels of pJNK in the heat-treated WT cells allowed the expression of HSP70 
in these cells. However, the induction of pJNK resulted in the inhibition of 
HSP70. While HSP70 levels were thought to regulate pJNK, pJNK levels 
were also seen to dictate HSP70 levels, thus indicating the presence of a 
feedback loop mechanism. This regulation is also uniquely mediated by the 






Figure 36: Protein expression levels of pJNK and HSP70 upon treatment with 
MG132 during stress. Cells were pre treated with 10uM of MG132 for 1 hour. They 
were then subject to control or heat treatment for 1 hour followed by 100ng/ml LPS 




3.8 The role of autophagy in annexin-1 mediated stress response 
 
 
Autophagy is the process in which cells self digest components in the 
cytoplasm (Nivon et al., 2009; Harris, 2011). Autophagy is induced by a 
variety of stress stimuli such as nutrient deprivation, amino acid starvation and 
heat shock (Nivon et al., 2009; Harris, 2011). It is also thought to be a survival 
mechanism in cells undergoing stress (Lum et al., 2005; Nivon et al., 2009). 
Autophagy is also activated by immune mediators such as TLRs and cytokines 
like TNFα (Delgado et al., 2008; Nivon et al., 2009), hence hypothesized to 
play a potential role in inflammatory stress response. TNFα has been 
implicated to induce autophagy although the mechanism of induction is not 
known (Harris, 2011). While autophagy can be induced by cytokines like 
TNFα, autophagy itself can influence the production of pro inflammatory 
cytokines such as IL-1B (Harris et al., 2011). The inhibition of normal 
autophagic signaling cascades leads to the production of such pro 
inflammatory cytokines (Saitoh et al., 2008; Harris et al., 2011). Thus while 
autophagy might be activated and playing a role in heat stressed WT cells, its 
possible inhibition in the heat treated ANXA1 KO cells could result in the 




3.8.1 Autophagy activation studies 
 
 
Since autophagy was hypothesized to be a possible mechanism activated by 
heat stress, autophagy was induced by using Rapamycin and EBSS in non-
heated cells to determine its effect on cytokine expression levels. Rapamycin 
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is a known inhbitor of the mammalian target of rapamycin (mTOR). mTOR, 
which by inhibiting mTOR, results in the activation of autophagy (Sarkar et 
al., 2009). Earle’s Balanced Salt Solution (EBSS) is a medium that is used to 
induce amino acid starvation and hence able to induce autophagy by means of 
starvation (Munafo and Colombo, 2001). 
 
Treatment of cells with LPS resulted in a significant decrease in TNFα levels 
between control WT and ANXA1 KO cells (Figure 37A). The decrease in LPS 
induced TNFα in rapamycin treated cells followed the same trend as that for 
LPS treatment, indicating that inducing autophagy had no direct indication on 
TNFα levels (figure 37A). Treatment with EBSS caused a decrease in LPS 
induced TNFα in the ANXA1 KO cells as compared to the WT cells (Figure 
37B). This indicates that the induction of autophagy modulates TNFα in the 
ANXA1 KO cells. However, this concept is not consistent with the reduction 
in TNFα levels in heat-treated WT cells. Hence, autophagy may not be a 
possible mechanism that is induced by the heat stress levels employed in this 





Figure 37: Effect on inducers of autophagy on TNFα  levels. A) Cells were 
pretreated with 0.1uM and 1uM of rapamycin for 3 hours. Cells were then subject to 
control treatment treatment only for 1 hour followed by treatment with 10ng/ml LPS. 
B) /media was removed from cells and replaced with EBSS. Cells were pre treated 
with EBSS for 3 hours, followed by exposure to control treatment for 1 hour. 
100ng/mml LPS was added and cell supernatants were harvested 24 hours after LPS 
treatment. * represents differences between the WT and ANXA1 KO cells of each 




3.8.2 Autophagy inhibition studies  
 
 
Since inhibition of autophagy was shown to induce production of pro-
inflammatory cytokines in previous studies (Saitoh et al., 2008; Harris et al., 
2011), autophagy was inhibited to determine its effect on TNFα levels. 
Inhibiting autophagy in non-heat treated cells could increase the levels of 
TNFα in these cells and hence could be a mechanism present in the ANXA1 
KO cells that prevents the inhibition of TNFα during heat stress. Chloroquine 
is a lysomotropic agent that is known to induce the inhibition of autophagy 
(Shacka et al., 2006). 
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Cells subject to chloroquine treatment to inhibit autophagy resulted in a 
downregulation of TNFα levels in both WT and ANXA1 KO cells. There was 
a significant decrease in TNFα levels in ANXA1 KO cells compared to the 
WT cells when autophagy was inhibited (Figure 38). While the inhibition of 
autophagy resulted in a similar decrease in TNFα levels as with heat stress, 
the inhibition, rather than an increase in TNFα seen in the ANXA1 KO cells 
was different from the cytokine profile upon heat stress. Thus autophagy does 




Figure 38: Effect on inhibition of autophagy on TNFα  levels. Cells were pre 
treated with 50uM chloroquine for 3 hours followed by exposure to control treatment 
for 1h. 100ng/ml LPS was then added and cell supernatants were harvested 24 hours 




3.8.3 Protein expression levels of autophagy (ATG) genes 
 
 
Inhibition and induction of autophagy had similar effects on TNFα levels thus 
indicating that autophagy may not be involved in the ANXA1 mediated heat 
stress process that regulates cytokine levels. In order to confirm that 
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autophagy was not involved, protein expression levels of ATG genes were 
assayed to determine their involvement during heat stress. A selection of ATG 
genes involved in the autophagic signaling cascade was used.  
 
 
ATG3 is an enzyme like protein involved in the conjugation of ATG8 with 
phosphatidylethanolamine, which eventually forms a part of the 
autophagosome (Yorimitsu and Klionsky, 2005). ATG5 conjugates with 
ATG12 and is involved in the formation of autophagic vesicles (Yorimitsu and 
Klionsky, 2005). Beclin-1, also known as ATG6 forms a part of complex 1 
and 2, which are involved in the autophagic membrane transport process 
(Meijer and Codogno, 2004). The protein expression levels of these genes are 
similar when exposed to control or heat treatment in the absence of LPS 
treatment (Figure 39A). Upon stimulation with LPS, differences in expression 
levels between control and heat-treated cells were seen only with beclin-1 
(Figure 39B). The levels of beclin-1 increased upon exposure to longer 
durations of LPS in control cells, while they increased in heat-treated cells 
with 30minutes of LPS treatment. The levels of beclin-1 decreased after 1h of 
LPS treatment in cells exposed to heat stress (Figure 39B).  However, while 
heat stress only seemed to increase the LPS induced levels of beclin-1, its 
levels were not differentially regulated between WT and ANXA1 KO cells. 
Hence, while autophagy may be activated during heat stress and LPS 
treatment, the process of autophagy may not be playing a role in ANXA1 





Figure 39: Protein expression levels of genes involved in the autophagy 
regulation process. A) Cells were subject to control or heat treatment for 1 hour. 
Cells were harvested 30 minutes or 1 hour after treatment. B) Cells were subject to 
control or heat treatment for 1 hour. 100ng/ml LPS was then added to the cells and 





3.8.4 Protein expression levels of gene associated with CMA 
 
 
Chaperone-mediated autophagy is a subset of autophagy that involves 
lysosomal proteolysis resulting in the degradation of lysosomal proteins 
during stress conditions (Dice, 2007). It requires the stimulation of molecular 
chaperones like HSC70 in the cytosol and lysosome, that can mediate protein 
translocation across membranes (Chirico et al., 1988; Dice, 2007). HSC70 
forms a complex with other co-chaperones and LAMP2A in the lysosomal 
membrane, which helps to unfold the substrate and allow its translocation into 
the lysosomal lumen. Furthermore, ANXA1 has been shown to a substrate for 
chaperone-mediated autophagy, where it is degraded at the end of the process 
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(Bertin et al., 2008). Since HSP70 in activated in the heat process, it might 
have a role to play in chaperone mediated autophagy which can result in the 
processing of ANXA1 and hence result in differential cytokine production 
during heat stress.  
 
LAMP2A, is a marker for chaperone-mediated autophagy and its levels are 
supposed to be higher upon induction of CMA during stress. LAMP2A levels 
are higher in control and LPS treated cells as compared to heat and LPS 
treated cells (Figure 40) indicating that CMA is not activated during such a 
moderate heat stress condition and is inhibited upon heat treatment. 
 
Therefore, while the process of autophagy is known to be involved in stress 
conditions, it has not been shown to be involved in heat stress mediated 
regulation of cytokine response in the form of TNFα. The levels of autophagy 
genes are also not differentially regulated between WT and ANXA1 KO cells, 







Figure 40: Protein expression level of LAMP2A. Cells were subject to control or 
heat treatment for 1 hour followed by addition of 100ng/ml LPS. Cells were 


































Chapter 4: Discussion 
 
 




Stress response is one of the body’s most important cellular defence 
mechanisms (Rattan et al., 2004). The stress response helps the body to cope 
with numerous abnormal conditions and insults such as exposure to high 
temperature, starvation, heavy metals, oxidative and osmotic stress and even 
exercise (Rattan et al., 2004). Stressors in the form of fever and inflammation 
and protein conformational disease states such as Alzheimer’s disease, 
Huntington’s disease and cancer are also inducers of the stress response 
pathway (Morimoto, 2011). As such the stress response pathways are 
implicated in preventing the occurrence of such diseases. While its 
malfunction is not the most important component in disease states, proper 
functioning of the stress response pathway is important for cellular survival 
leading to the well-being of the body and is also known to play a role in the 
ageing process (Morimoto, 2011).  
 
Heat stress is one of the inducers of the stress response pathway and is used in 
this study to activate the HSR. Heat stress represents insult in the form of high 
temperatures as in hyperthermia or heat stroke as well as in fever.  The HSR, 
summarized in figure 1, protects the cell during such stressful insults and thus 
promotes cell survival (Villar et al., 1994). As part of promoting the cell 
survival process, HSR plays a role in inflammation and regulates the 
production of pro and anti-inflammatory cytokines (Kusher et al., 1990; 
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Jaattela and Wissing, 1993). To determine the impact of HSR on cytokine 
production, cells were stimulated with LPS.  
 
LPS is commonly indicated in sepsis, which is a lethal condition characterized 
by a high level of infection resulting in a highly elevated levels of 
inflammation (Angus et al., 2001). Heat shock and HSPs have been shown to 
ameliorate septic conditions by inhibiting excessive cytokine production 
through a stress response pathway, although the feasibility of its therapeutic 
application is still under investigation (Wong, 1998; Yang et al., 1998; 
McConnell et al., 2011). Hence, it is important to further investigate the 
function of HSR in regulating inflammation and thus septic conditions.  
 
We and others have established that HSR at 42°C for 1 hour followed by LPS 
treatment results in the global downregulation of cytokine production. Heat 
stress alone was not able to induce cytokine production in the absence of LPS, 
except for IL-10, which displayed a slight increase in production upon heat 
stress. IL-10 has been shown to be upregulated upon heat stroke conditions 
and has also been shown to produce basal levels in the absence of LPS (De et 
al., 2000; Welc et al., 2013). Hence this combination of heat stress and 
absence of LPS could have resulted in its slight production.  Consistent with 
previous studies, potent pro inflammatory cytokines TNFα and IL-6 were 
downregulated upon Heat + LPS treatment as compared to the Ctrl + LPS 
treatment group as shown in figure 5 (Snyder et al., 1992; Ensor et al., 1994; 
Garekar et al., 2006). In addition we have shown that cytokines IL-12 p40 and 
IL-10 are also downregulated upon exposure to Heat + LPS.  The 
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downregulation of cytokines upon heat stress has been related to the induction 
of the heat shock response (HSR), which functions in protecting the cells 
against a stressful insult. Induction of important proteins characteristic of the 
HSR, such as HSP70 are responsible for the downregulation of cytokines in 
respsonse to heat stress (Snyder et al., 1992; Jaattela and Wissing, 1993; Meng 
and Harken, 2002). Thus heat stress protects cells from inflammatory insults 
via the induction of the HSR. 
 
Another possible reason for the downregulation of potent pro inflammatory 
cytokines TNFα and IL-6 is the presence of ANXA1. ANXA1 is an anti 
inflammatory protein that also functions in cell proliferation, differentiation 
and apoptosis (Haigler et al., 1987; Croxtall and Flower, 1992; Arur et al., 
2003; Debret et al., 2003; Hannon et al., 2003; Damazo et al., 2005; Huo and 
Zhang, 2005). ANXA1 has been shown to suppress TNFα and IL-6 levels, 
when overexpressed (Wu et al., 1995; de Coupade et al., 2001; Yang et al., 
2006). We show that although LPS-induced TNFα and IL-6 levels were 
similar in both non-heat stressed WT and ANXA1 KO cells, their levels were 
significantly different in heat stressed WT and ANXA1 KO cells (Figure 6). 
Thus ANXA1 has a role to play in the regulation of these cytokines during a 
stress response. Furthermore, it has been shown that ANXA1 can potentially 
function as a cell stress protein in A549 lung adenocarcinoma cells, Hela cells 
and MCF-7 breast cancer cells (Rhee et al., 2000; Nair et al., 2010). As a 
stress protein, the mRNA and protein levels of ANXA1 were upregulated 
upon exposure to stress and it was found to play a protective role in preventing 
heat induced growth arrest and DNA damage in stressed cells (Rhee et al., 
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2000; Nair et al., 2010). Its protective role in the regulation of inflammatory 
responses during stress, however has not been investigated previously.  
 
Heat stress caused the LPS-induced downregulation of TNFα, IL-6, IL-12 p40 
and IL-10 in WT bone marrow derived macrophages while the 
downregulation of TNFα and IL-6 was less significant in heat stressed 
ANXA1 KO cells, indicating that the ANXA1 KO cells were more resistant to 
heat stress than the WT cells. There was however no differential regulation of 
cytokines IL-12p40 and IL10 between Heat + LPS treated WT and ANXA1 
KO cells. The inhibition of IL-12p40 observed in LPS treated ANXA1 KO 
cells, has been previously reported as a negative regulation of IL12p40 by 
ANXA1 in dendritic cells (Weyd et al., 2013). The absence of differential 
regulation in IL-12p40 and IL-10 levels between heat stressed WT and 
ANXA1 KO cells also indicates that ANXA1 is mainly responsible for the 
regulation of TNFα and IL-6 during stress.  
 
ANXA1 is not only involved in the regulation of TNFα and IL-6 at 42°C but 
also at 39.5°C. While a febrile range temperature of 39.5°C has been shown to 
be sufficient for the modification of cytokine response (Cooper et al., 2010) 
most other studies induce heat shock at 42°C (Kusher et al., 1990; Snyder et 
al., 1992; Jaattela and Wissing, 1993; Ensor et al., 1994). Similarly, we show 
that febrile range temperature of 39.5°C did result in a significant repression 
in cytokine production between the control and heat stressed group and also 
between heat stressed WT and ANXA1 KO cells (Figure 7). At the actual heat 
shock temperature of 42° there was also a significant decrease in cytokine 
production comparing control and heat stressed cells and also comparing heat 
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stressed WT and ANXA1 KO cells. At 42°C the cytokines that were 
modulated by heat and regulated by the presence of ANXA1 was clearer. The 
greatest significant difference between Heat + LPS WT and ANXA1 KO cells 
was seen with TNFα levels, clearly indicating that the absence of ANXA1 
during stress, renders these cells resistant to heat stress as compared to the 
WT. Since the differential regulation of the cytokines were clearly seen at 
42°C, this temperature is appropriate for the induction of the HSR.  
 
 
The duration of exposure to heat stress temperature is also important in 
inducing the stress response. Exposing macrophages to 30 minutes at 42°C did 
not cause any difference in cytokine production between heat-treated and 
control cells. However, increasing the duration to 1 hour, similar to the 
duration used in other studies (Samali and Cotter, 1996), caused a significant 
difference in LPS-induced TNFα and IL-6 levels between control and heat 
stressed cells. 1hour duration of heat stress even caused a significant 
difference in LPS-induced TNFα and IL-6 levels between heat stressed WT 
and ANXA1 KO cells. When heat stressed cells were allowed to recover for 2 
to 4 hours at 37°C, TNFα levels recovered from the repression. This 
demonstrates that exposing cells to a temperature of 42°C for 1 hour was 
necessary to induce HSR. The temperature was not lethal to the cells as the 
heat stressed WT cells were able to recover from the stress and the TNFα 
cytokine levels in ANXA1 KO cells were less affected by temperature change. 
This difference in cytokine production, also, clearly shows the involvement of 




While TNFα levels in heat stressed WT cells demonstrated recovery from 
suppression after 2 to 4 hours of incubation at 37°C, IL-6 levels in both heat 
stressed WT and ANXA1 KO cells did not recover from the initial repression 
after heat stress. Although significantly different, the levels of IL-6 in the heat 
stressed ANXA1 KO cells were also repressed and did not exhibit as much 
resistance to heat stress as did TNFα. 
 
TNFα is thus clearly regulated by ANXA1 during stress, and this regulation 
will be used to further investigate the role of ANXA1 in stress response and to 
determine the process of regulating inflammation during stress. 
 
 
Similar to the secretion of cytokines, ANXA1 itself can be secreted into the 
cell supernatant (Castro-Caldas et al., 2002). While ANXA1 has been reported 
to translocate to the nuclear or peri nuclear region upon induction of stress 
(Rhee et al., 2000; Nair et al., 2010) the possibility of its secretion into the 
outer surface of the plasma membrane during stress has not been evaluated. 
Bone marrow derived macrophages were treated with supernatant from pre-
heated cells and assayed for TNFα levels. WT Cells that were treated with 
supernatant from heat-treated cells did not exhibit suppressed TNFα levels. 
Moreover, supernatant was removed from heat-treated cells and supplemented 
with fresh media and LPS and assayed for TNFα. Heat and LPS treated cells 
displayed downregulated TNFα levels. These results strongly indicate the 
absence of exogenous factors including secreted ANXA1 in regulating TNFα. 
To further confirm that secreted ANXA1 was not playing a role in the 
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regulation of TNFα during stress, inhibitors to the ANXA1 receptor, also 
known as FPR were used. If ANXA1 was secreted and playing an exogenous 
role, it needs to signal via the FPR receptor in order to exert its effect (Rescher 
and Gerke, 2004; Hayhoe et al., 2006; Lim and Pervaiz, 2007). Inhibiting the 
receptor involved in ANXA1 signaling would prevent exogenous ANXA1 
from exerting its effect. Inhibition of FPR by BBV, 3570 and BOC (Stenfeldt 
et al., 2007; Kirpotina et al., 2010) however, still resulted in the 
downregulation of TNFα. The data is thus indicative of the involvement of 
endogenous ANXA1 and its modification of other endogenous factors leading 
to the regulation of TNFα during stress.  
 
The downregulation of TNFα during stress was not only reported at the 
cytokine level as shown in figure 5 (Snyder et al., 1992) but also at the mRNA 
level (Snyder et al., 1992; Meng and Harken, 2002). The inhibition of TNFα 
during stress indeed occurred at the mRNA level, where its levels were higher 
in C + LPS treated cells as compared to H + LPS treated cells. However, the 
inhibition of TNFα mRNA was not unique to the WT cells. LPS-induced 
TNFα mRNA levels in the heat-treated ANXA1 KO cells were similar to that 
in the WT cells. Also interestingly, TNFα mRNA levels were higher in the 
WT cells of the Ctrl +LPS group as compared to the ANXA1 KO cells. This 
trend was the reverse of TNFα cytokine levels in LPS treated cells. Although 
not statistically significant, ANXA1 KO cells expressed consistently higher 
TNFα cytokine levels as compared to the WT cells. Since lower levels of 
TNFα mRNA in the ANXA1 KO cells does not translate to higher levels of 
the cytokine in these cells, it indicates the presence of post transcriptional 
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modifications of TNFα mRNA in ANXA1 KO macrophages with LPS 
treatment and also when treated with Heat + LPS.  
 
TNFα expression is controlled both transcriptionally and post transcriptionally 
(Anderson, 2000). Post-transcriptional regulation involves transcript stability 
and translation (Qureshi et al., 2003; Cuschieri et al., 2004; Deleault et al., 
2008). Destabilization of LPS-induced TNFα mRNA is one of the known 
mechanisms of the reduction of TNFα during exposure to heat in the febrile 
range (Ensor et al., 1995). Therefore, since post-transcriptional modification 
of TNFα mRNA is hypothesized to play a role in TNFα regulation by 
ANXA1, we evaluated the stability of TNFα mRNA during stress. This would 
also determine if differences in transcript stability between WT and ANXA1 
KO cells underlie the cause of the differential cytokine expression between 
these cells. Contrary to the literature finding, Heat + LPS treatment resulted in 
greater stability of the TNFα mRNA. Although TNFα mRNA exhibited 
greater stability in heat-treated cells, its half-life in Heat + LPS treated 
ANXA1 KO cells was greater than that in the WT. This trend was also 
exhibited in Ctrl + LPS treated cells. Higher half-life translates to greater 
mRNA stability. The greater stability exhibited in the ANXA1 KO cells could 
explain the higher TNFα cytokine levels in these cells as compared to the WT 
cells. The differential regulation of LPS-induced TNFα between heat-treated 
WT and ANXA1 KO cells can also be explained by the differences in the 
transcript stability of TNFα. However, due to the opposing trend of transcript 
stability and cytokine expression of TNFα between control and heat treated 
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cells, regulation of transcript stability alone is not responsible for its regulation 
by ANXA1 during stress.  
 
TNFα is produced upon activation by LPS. LPS activates TLR4, one of the 
receptors of the TLR family, which are a very important group of receptors 
involved in inflammatory signaling. The two main pathways of TLR signaling 
are the MyD88 dependent and MyD88 independent or TRIF dependent 
pathway (Akira et al., 2001). While each of the TLRs activate either the 
MyD88 or TRIF dependent pathway, TLR4 is the only receptor in the family 
that activates both the MyD88 dependent and TRIF dependent pathway. 
TNFα is considered to be a MyD88 pathway dependent cytokine (Cho et al., 
2009). However, TNFα is also produced via the TRIF dependent pathway, but 
at a delayed time point (Covert et al., 2005). Using a MyD88 KO mouse 
macrophage model, WT and MyD88 KO cells were pre-treated with various 
TLR agonists to activate the MyD88 and TRIF pathway independently or 
together. Cells treated with LPS exhibited significantly lower TNFα 
production in the absence of MYD88 as compared to the WT cells. LPS-
induced TNFα levels were completely inhibited in heat stressed MyD88 KO 
cells, similar to WT cells. Treatment of cells with TLR 9 and 7 agonists, ODN 
and R848 respectively resulted in the significant downregulation of TNFα in 
the MyD88 KO cells. Both these receptors activate only the MyD88 pathway, 
hence explaining the decrease in cytokine levels. Treatment of Poly:IC, which 
activates the TRIF dependent pathway, had no effect on MyD88 mediated 
TNFα response. This indicates that MyD88 plays an important role in TNFα 
signaling. 
 128 
However, while the absence of MyD88 could be a plausible explanation for 
the reduced levels of TNFα in heat treated WT cells, TNFα levels were 
downregulated in both heat stressed WT and MyD88 KO cells as compared to 
control cells, thus, it may not be playing a role in stress induced TNFα 
regulation, unlike ANXA1. Besides, the absence of MyD88 led to an 
inhibition of TNFα during heat stress, while its levels were not completely 
inhibited in heat stressed WT cells in the presence of ANXA1, hence 
indicating that the absence of MyD88 adaptor protein during stress is not 
plausible. 
 
TRIF IM (TIM) cells were used to determine if the delayed production of 
TNFα contributes to the stress response. Treatment of cells with LPS resulted 
in the downregulation of TNFα in both control and heat-treated TIM cells. 
This indicates that the TNFα produced during the late phase is also involved 
in TNFα production and inhibition during stress. Both TLR7 and TLR9 
agonists, R848 and ODN respectively, did not affect TNFα production in the 
TIM cells as these receptors only activate the MyD88 dependent pathway. 
However, although its signaling by TRIF was unaffected in control cells, 
TLR9 agonist, ODN, which was thought to only activate the MyD88 
dependent pathway displayed lower TNFα levels only in heat treated TIM 
cells, indicating that its signaling during stress is affected by TRIF. While this 
result might be contrary to the expected hypothesis, new research has brought 
to light that TLR9 signaling can employ the TRIF signaling   pathway (Volpi 
et al., 2013). TLR9 signaling requires the TRIF pathway and not the MyD88 
dependent pathway at high doses (10ug/ml) to exert its suppressive effects, 
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while it signals via MyD88 at low doses of 1ug/ml (Volpi et al., 2013). In this 
study we have used a dose of 6.23ug/ml of ODN, which leans towards the 
higher dosage frame of ODN and could thus explain the suppressed cytokine 
production through TRIF signaling that is evident only in stressed cells. While 
PIC treatment only resulted in little TNFα production, its significantly lower 
levels in the absence of TRIF in control cells indicates that TIM cells indeed 
inhibit the TRIF signaling pathway. 
 
Similar to the trend in the MyD88 KO cells, the absence of TRIF resulted in 
significantly lower levels of TNFα, unlike the WT cells. While the presence of 
both MyD88 and TRIF adaptor proteins are responsible for the production of 
TNFα, its absence is an unlikely explanation for the downregulation of TNFα 
in heat stressed WT cells, since we have also shown in figure 8, that TNFα 
cytokine levels were able to recover from the initial suppression after 2 to 4 
hours of recovery from heat. A transient upregulation or downregulation of 
certain proteins orchestrated by ANXA1 is more likely to be responsible for 
the cytokine regulation during stress, rather than the complete absence of the 
MyD88 or TRIF adaptor proteins, which results in the inhibition of the 
cytokine during stress. 
 
We looked into the involvement of a stress protein HSP70 next. HSP70 is an 
inducible protein and is one of the most widely studied of the other HSPs 
(Leppa and Sistonen, 1997). Although there are no reports of a link between 
HSP70 and ANXA1, both proteins have been shown to play a role in stress 
response and in inflammation (Damazo et al., 2005; Cooper et al., 2010). 
Interestingly enough, HSP70 levels were produced in high levels in heat 
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stressed WT cells. HSP70 protein expression levels were expressed in very 
low levels in heat-treated ANXA1 KO cells. HSP70 is known to reduce TNFα 
levels (van der Bruggen et al., 1999; Shi et al., 2006) and thus indicates that 
the expression of HSP70 in heat stressed WT cells could be causing the 
downregulation of TNFα levels via ANXA1 in these cells. The lack of HSP70 
expression in heat-treated ANXA1 KO cells could thus explain the high levels 
of TNFα in these cells. This is the first report of a possible correlation 
between HSP70 and ANXA1. 
 
The negative regulation of TNFα by HSP70 starts at the mRNA level (Ensor 
et al., 1994; Asea et al., 2000; Heimbach et al., 2001; Shi et al., 2006). 
However, while HSP70 mRNA levels were upregulated by more than 1000 
folds only in heat treated cells, the differential production of HSP70 mRNA 
was not demonstrated between heat treated WT and ANXA1 KO cells (Figure 
18). The vast difference in mRNA and protein expression levels led to the idea 
that HSP70, like TNFα is also regulated by post-transcriptional modification 
during stress. HSP70 transcript stability has been shown to be a regulatory 
mechanism of HSP70 (Leppa and Sistonen, 1997). The greater half-life in heat 
treated WT cells at 0 minutes and 1 hour post LPS treatment meant greater 
HSP70 transcript stability in the WT cells compared to the ANXA1 KO cells. 
Greater transcript stability in the heat-treated WT cells could explain the 
higher protein expression levels in these cells.  
 
To further determine the impact of ANXA1 mediated HSP70 regulation of 
TNFα, during stress, an inhibitor of HSP70, VER155008 was used. HSP70 
inhibitor KNK437 resulted in the abrogation of thermally induced TNFα (Lee 
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et al., 2012). In our study however, we hypothesize that the presence of 
HSP70 in heat stressed WT cells, abrogates TNFα levels in these cells, due to 
previous findings on its ability to inhibit the cytokine production (Shi et al., 
2006). Thus inhibiting HSP70 is hypothesized to prevent an inhibition of 
TNFα in the WT cells. Contrary to the hypothesis however, HSP70 inhibitor 
VER155008 caused a dose dependent abrogation of TNFα in heat stressed 
WT cells. This is in accordance with previous findings (Lee et al., 2012). 
While drug induced inhibition of HSP70 resulted in further downregulation of 
TNFα in the heat stressed WT cells, the absence of HSP70 did not cause a 
downregulation in the cytokine levels in the ANXA1 KO cells. Therefore, 
HSP70 may be playing a role in mediating the effects of inflammatory stress 
response via other factors as it interferes with various signaling pathways to 
mediate its effects (Figure 1). HSP70 is thus not the only factor that is 
involved in the inflammatory stress regulation mediated by ANXA1. 
 
 
HSP70 interferes with signaling pathways such as the MAPK and NFkB, 
which are important in cytokine production (Gabai et al., 1997; Gabai et al., 
1998; Asea et al., 2000; Heimbach et al., 2001; Rattan et al., 2004; Shi et al., 
2006). The activation of the TLR 4 pathway by LPS stimulation results in the 
activation of MAPK, which then induces the transcription of cytokines like 
TNFα (Figure 23). The MAPK family is involved in the HSR as its members 
P38 and JNK are activated by stress factors (Brenner et al., 1989; Han et al., 
1994; Lee et al., 1994; Cuadrado and Nebreda, 2010). Moreover, the MAPK is 
also regulated by ANXA1. While the presence of ANXA1 was shown to 
inhibit ERK activity (Alldridge et al., 1999), its absence resulted in an increase 
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in ERK, JNK and p38 levels (Yang et al., 2006). As such ANXA1 controls 
inflammation by playing a negative role in the regulation of the MAPK. 
Analysis of the expression levels of the main members of the MAPK family 
during stress was thus carried out. pERK, and pP38, main members of the 
MAPK family, were expressed upon LPS induction with higher expression 
seen in the ANXA1 KO cells. Heat stress brought about a downregulation in 
pERK expression, but still maintaining an elevated expression in the ANXA1 
KO cells as compared to the heat stressed WT cells. Although there was no 
downregulation of pP38 upon heat stress, its levels were also higher in the 
ANXA1 KO cells. To determine the impact of the differential expression of 
these proteins on TNFα levels, inhibition studies were carried out.  
 
Inhibiting ERK brought about significant downregulation in TNFα levels in 
heat stressed WT and ANXA1 KO cells as compared to the control cells 
treated with the inhibitor. Inhibition of ERK also caused a significant 
downregulation of TNFα in heat stressed WT cells as compared to heat 
stressed cells without ERK inhibition indicating that ERK is involved in 
TNFα production. P38 inhibition also caused significantly lower levels of 
TNFα in heat stressed WT and ANXA1 KO cells as compared to P38 
inhibited control cells. Although pP38 expression levels were similar to 
pERK, there was significant inhibition of the cytokine in both control and heat 
stressed WT and ANXA1 KO cells treated with the P38 inhibitor as compared 
to cells without inhibitor treatment. This data demonstrates greater 
involvement of P38 in TNFα production than ERK possibly because it is a 
protein activated by stress stimuli. The higher levels of pP38 expression in the 
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heat stressed ANXA1 KO cells is possibly allowing the continued production 
of this cytokine during HSR. The data also reveals that the lower expression of 
ERK and p38 together in heat stressed WT cells is causing the reduction in 
LPS-induced TNFα in these cells. 
 
JNK is another major member of the MAPK family. It is activated in response 
to stress stimuli (Brenner et al., 1989; Avruch, 1996). Unlike pERK and pP38 
expression, JNK was only phosphorylated and activated upon heat stress. The 
levels of pJNK were higher in the ANXA1 KO cells after 1 hour of LPS 
treatment. Inhibition of JNK resulted in significant inhibition of TNFα in heat 
stressed WT and ANXA1 KO cells as compared to control cells treated with 
the JNK inhibitor. Similar to P38 inhibition, the absence of JNK also caused 
abrogation of TNFα production in both control and heat stressed WT and 
ANXA1 KO cells as compared to cells without treatment of the JNK inhibitor.  
 
JNK inhibition differed from P38 inhibition in that the levels of TNFα in the 
heat stressed cells were abrogated to approximately a tenth of the cytokine 
levels in non inhibitor treated heat stressed cells while P38 inhibition only 
caused a 2 to 3 fold decrease in these cells. Since JNK, like HSP70 was only 
expressed in cells subject to stress, and caused a more significant inhibition in 
both heat stressed WT and ANXA1 KO cells as compared to the other 
members of the MAPK family, it may be an important factor playing a role in 
the regulation of ANXA1 mediated TNFα production during stress. 
Nevertheless, the data demonstrates that the 3 main members of the MAPK 




In order to determine if the MAPK was playing a role in stress mediated 
regulation of TNFα via ANXA1, chemical inhibition of the MAPK was 
employed. However, no form of chemical inhibition led to the inhibition of the 
MAPK members in the WT cells during stress. To determine the cause of the 
inhibition of these proteins during stress, protein expression levels of an 
endogenous inhibitor of MAPK was assayed. MKP-1 is an endogenous dual 
specificity phosphatase that dephosphosphorylates the phosphorylated 
threonine and tyrosine residues present in the activated MAPKs (English et al., 
1999; Camps et al., 2000). By carrying out the dephosphorylation of the 
threonine and tyrosine residues present in the MAPKs, it aims to inactivate 
these proteins. MKP-1 has also been implicated in stress response, by its high 
expression levels during HSR that is mediated by HSP70 and thus inactivating 
the MAPKs (Lee et al., 2005). Having not only proved the differential 
regulation of HSP70 between heat stressed WT and ANXA1 KO cells and 
also demonstrating the higher expression levels of HSP70 in heat stressed WT 
cells, the hypothesis that this elevated level of HSP70 in the WT cells could 
lead to higher MKP-1 expression levels in the stressed WT cells was put forth. 
The finding that LPS-induced MKP-1 levels were expressed highly in heat 
stressed WT cells as compared to the ANXA1 KO cells proved the hypothesis 
true. The higher expression of LPS-induced MKP-1 in heat stressed WT cells 
thus provides an explanation for the lower expression of LPS-induced MAPK 
members in the heat stressed WT and not in the ANXA1 KO cells. The 
differential regulation of MKP-1 and MAPK between heat stressed WT and 
ANXA1 KO cells could be mediating the regulation of TNFα during stress. 
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Besides the MAPK family, major transcription factor, NFkB is also 
responsible for the production of TNFα as shown in figure 23. NFkB exists in 
an inactive state in the cytoplasm and is bound to IkBα, which acts as an 
inhibitory protein preventing the translocation of NFkB into the nucleus 
(Baldwin, 1996). Upon activation by LPS and cytokines such as TNFα, IkBα 
is phosphorylated and sets NFkB free to translocate into the nucleus 
(DiDonato et al., 1996; Sweet and Hume, 1996). Thus determining the role of 
NFkB during stress response mediated by ANXA1 could also provide an 
explanation into its regulation of TNFα. Protein expression levels of the NFkB 
inhibitory protein IkBα revealed that changes in its expression levels occurred 
only when induced by LPS and its levels were higher in heat stressed WT cells 
as compared to the ANXA1 KO cells. Higher levels of non-phosphorylated 
IkBα in the cytoplasm indicates the presence of higher levels of inactivated 
NFkB. As such, higher levels of LPS-induced IkBα in heat stressed WT cells 
indicates less activated NFkB in these cells and higher levels of activated 
NFkB in the heat stressed ANXA1 KO cells.  
 
To confirm the differential levels of activated NFkB between H + LPS treated 
WT and ANXA1 KO cells, confocal microscopy was employed to visualize 
the presence of NFkB in the cytoplasm and the nucleus upon various 
treatments. In the absence of LPS in both control and heat-treated cells, NFkB 
was only present in the cytoplasm and not in the nucleus. When control cells 
were activated by LPS, NFkB was largely present in the nuclear portion of the 
cell, as determined by the overlapping cyan colour produced by the blue 
staining of the nucleus and the green staining of NFkB. There was no visible 
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difference in the amount of NFkB in the nucleus between the WT and ANXA1 
KO cells. However, when cells were heat stressed and activated by LPS, the 
translocation of NFkB into the nucleus was not as evident as that in the control 
cells. Also, there was no visible difference in the translocation proportion of 
NFkB into the nucleus between WT and ANXA1 KO cells. The data indicates 
that heat stress does indeed cause a reduction in cytokine production due to the 
lower levels of NFkB visualized in the nucleus during stress. However, 
western blot analysis of protein expression levels clearly shows a more 
specific difference in the levels of NFkB between heat stressed WT and 
ANXA1 KO cells. This finding also explains the role of NFkB in the 
regulation of TNFα mediated by ANXA1 during heat stress. In support of this 
finding, other work has also reported the suppression of NFkB during heat 
stress, which led to the inhibition of the production of cytokines like TNFα 
(Housby et al., 1999). Thus the regulation of NFkB during heat stress does 
indeed provide an explanation for the anti-inflammatory and stress protein 
property of ANXA1 during stress.  
 
The results have thus far shown that ANXA1 is likely to regulate TNFα 
during stress via the increased protein expression of HSP70, which may be 
affecting signaling pathways to mediate its effect on TNFα, or by suppression 
of P38 and JNK of the MAPK family, mediated by an increase in expression 
of their endogenous inhibitor MKP-1. Similarly, TNFα is also regulated by 
the increase in expression of the NFkB inhibitory protein IkBα, in the 
presence of ANXA1 during stress. While the effect of MAPK and NFkB on 
cytokine production has been illustrated in figure 21, the role of HSP70 in 
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contributing to TNFα regulation in our study model has not been fully 
deciphered.  
 
Other groups working on stress related mechanisms of action have put forth a 
possible relationship between HSP70 and JNK. HSP70 has been implicated in 
the inhibition of JNK during stress possibly by inducing the expression of 
MAPK inhibitor MKP-1 (Gabai et al., 1997; Gabai et al., 1998). Since both 
HSP70 and JNK were expressed only upon induction of stress and their 
expression was differentially regulated between WT and ANXA1 KO cells, an 
attempt to decipher a possible signaling mechanism involving HSP70 and 
JNK was made. In accordance with data from previous studies (Gabai et al., 
1997; Gabai et al., 1998) our study has shown the possibility of an 
antagonistic effect of HSP70 and pJNK during stress. When HSP70 was 
highly expressed in the WT cells during stress, the levels of pJNK levels were 
lower than that in the ANXA1 KO cells especially after 1 hour of LPS 
treatment. The higher levels of HSP70 after 1 hour of LPS exposure post heat 
treatment negatively correlated with the lower levels of pJNK at that time 
point and absence of HSP70 in the ANXA1 KO cells was paired with high 
levels of pJNK in these cells. The evidence of a possible relation between 
HSP70 and JNK was further investigated in the study. 
 
HSP70 expression was inhibited at various doses using the drug VER155008, 
which also resulted in the increase in pJNK levels in these cells. The inhibition 
of HSP70 brought its levels in the WT cells similar to that in the ANXA1 KO 
cells, at the various doses of VER used. This data indicates the negative 
correlation between HSP70 and JNK.  
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The negative correlation of HSP70 on JNK, provides an indication that HSP70 
is upstream of JNK in the signaling cascade. To confirm this, the next 
hypothesis was that the inhibition of JNK would thus have no effect on HSP70 
expression since it is hypothesized to be downstream of HSP70. Treatment of 
cells with JNK inhibitor SP600125, clearly demonstrated its inhibition at a 
concentration of 10uM. However, the inhibition of JNK also resulted in the 
inhibition of HSP70. Contrary to the hypothesis, the absence of JNK had 
affected HSP70 expression. Just as signaling mediators like HSP70, JNK and 
NFkB induce the production of TNFα, TNFα itself can regulate the activation 
of these signaling proteins (Brenner et al., 1989; Fincato et al., 1991; Kyriakis 
et al., 1994; Barnes and Karin, 1997)thus prompting the idea that the signaling 
between HSP70 and JNK could be working as a loop. Another research group 
has also put forth the possibility of HSP70 mediating its anti apoptotic effects 
during stress at sites both upstream and downstream of JNK (Mosser et al., 
1997) thus supporting the idea of a signaling loop between these stress 
proteins. 
 
To determine the order of signaling events between HSP70 and JNK, cells 
were treated with the proteasomal inhibitor, MG132, which has been shown to 
induce JNK expression levels (Deleault et al., 2008). If JNK was signaling in a 
loop with HSP70, induction of pJNK levels during stress could inhibit HSP70 
expression through its negative correlation. Although the negative correlation 
between HSP70 and JNK was not demonstrated through the inhibition of JNK 





An increase in heat and LPS induced pJNK expression upon treatment with 
MG132 did not result in any HSP70 production. HSP70 was only produced in 
heat and LPS treated WT cells, in the absence of MG132 induced pJNK 
expression. The negative correlation between HSP70 and JNK has been 
previously reported to mediate the anti apoptotic effect of HSP70 during stress 
(Gabai et al., 1997; Mosser et al., 1997; Gabai et al., 1998). Similarly, this 
result indicates the potential of a signaling loop between JNK and HSP70, 
working in negative correlation to control inflammation during stress. We 
have shown that this control of inflammation, is however only possible in the 
presence of ANXA1. The signaling loop between HSP70 and JNK and its 
possible role in inflammatory stress response is detailed in figure 41. 
 
Another possible mechanism that could be playing a role in the stress response 
mediated by ANXA1 is autophagy. Autophagy is the process of cell digestion 
of components in the cytoplasm and is activated by various stress stimuli such 
as nutrient deprivation, amino acid starvation and heat shock (Nivon et al., 
2009; Harris, 2011). As such, autophagy is considered to be a survival 
mechanism during stress (Lum et al., 2005; Nivon et al., 2009). Autophagy 
also has a role to play in the regulation of inflammation as it has been reported 
to influence pro inflammatory cytokine production, like IL-1β (Harris et al., 
2011) The inhibition of normal autophagic signaling cascades was reported to 
result in pro inflammatory cytokine production (Saitoh et al., 2008; Harris et 
al., 2011). Autophagy could thus be playing a role in TNFα production where 
the activation of autophgay in heat stressed WT cells could be preventing the 
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accumulation of cytokine production, while its possible inhibition in the 
stressed ANXA1 KO cells could lead to the high levels of TNFα produced.  
 
Instead of using heat stress to induce autophagy, well-known chemical 
inducers of autophagy such as rapamycin and EBSS were used to determine 
its effect on TNFα production in WT and ANXA1 KO cells. Rapamycin 
activates autophagy by inhibiting the mTOR complex (Sarkar et al., 2009) 
while EBSS is media that induces amino acid starvation and thereby inducing 
autophagy under conditions of starvation (Munafo and Colombo, 2001).  
 
Treatment of cells with LPS and rapamycin brought about a significant 
decrease in TNFα levels in the WT as compared to the ANXA1 KO cells.  
Cells induced with amino acid starvation with EBSS however, exhibited a 
more significant decrease in TNFα in the ANXA1 KO cells as compared to 
the WT cells. While the data from rapamycin treated cells prompts further 
investigation into the role of autophagy in heat stress, the results from the 
treatment of EBSS is not consistent with the TNFα data we have produced 
thus far during heat shock.  
 
To further elucidate the role of autophagy in ANXA1 mediated TNFα 
regulation, autophagy was inhibited using chloroquine to determine its effects 
on TNFα production. Chloroquine is a lysomotropic agent that induces the 
inhibition of autophagy (Shacka et al., 2006). Inhibition of autophagy using 
chloroquine caused a significant reduction in TNFα levels in both WT and 
ANXA1 KO cells and also a significant downregulation of the cytokine in 
chloroquine treated ANXA1 KO cells as compared to the WT cells. This result 
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is contrary to literature reports on cytokine production upon inhibition of 
autophagy (Saitoh et al., 2008; Harris et al., 2011). The greater decrease in 
TNFα in chloroquine treated ANXA1 KO cells as compared to WT cells does 
not follow the trend demonstrated by heat stress. Taken together, while 
induction of autophagy produced conflicting results using two types of agents, 
the inhibition of autophagy may not be playing a role in ANXA1 mediated 
stress response.  
 
To further elucidate the involvement of autophagy in stress response, protein 
expression levels of authophagy gene markers were assessed upon exposure to 
heat stress to determine if they were differentially regulated between WT and 
ANXA1 KO cells. Except for Beclin-1 and LAMP-2A, the other authophagy 
gene expression levels were similar across control and heat-treated cells and 
did not display any differential regulation between WT and ANXA1 KO cells. 
Beclin-1 or ATG6 is a protein that forms a part of the autophagic complexes 
and is important for the membrane transport process in autophagy (Meijer and 
Codogno, 2004). Beclin-1 levels were increased with longer durations of 
exposure of LPS in control cells but this increase was seen with shorter 
durations of LPS exposure in heat-treated cells. Thus this atuophagy gene was 
not induced upon exposure to heat stress.  LAMP-2A is a marker for 
chaperone-mediated autophagy. Chaperone-mediated autophagy is a subset of 
autophagy that involves lysosomal proteolysis resulting in the degredation of 
lysosomal proteins during stress conditions (Dice, 2007). CMA requires the 
stimulation of molecular chaperone like HSC70, which forms a complex with 
LAMP-2A and other co chaperones in the lysosome that then allows protein 
translocation into the lysosomal lumen (Chirico et al., 1988; Dice, 2007). 
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Since HSP70 is activated upon heat stress and is preferentially expressed in 
the presence of ANXA1, CMA was thought to have a role to play in stress.  
LAMP-2A levels were thought to be higher in heat stressed WT cells as they 
will be able to form a complex with HSC70 and induce the activation of 
CMA. However, LAMP-2A levels were higher in control treated cells instead 
of in heat-treated cells indicating that LPS-induced CMA is not induced in 
heat-treated cells. Furthermore, there was no difference in LAMP-2A 
expression between WT and ANXA1 KO cells. These data indicate that CMA 
is not functioning as a possible mechanism in the regulation of TNFα during 
stress.  
 
Although autophagy has been reported to be involved in stress conditions and 
to play a role in cytokine regulation, our data has shown that autophagy is not 
clearly activated in our model of heat stress in primary bone marrow 
macrophages. We have also shown that its involvement in TNFα regulation 
was contrary to previous reports and is different from the trend observed 
during heat stress.  Hence autophagy does not serve as a possible mechanism 
for the regulation of TNFα levels mediated by ANXA1 during stress.  
 
As such, the main mediators of inflammatory stress response mediated by 
ANXA1 are HSP70, the MAPK and NFkB. The role of these signaling 






Figure 41: Schematic representation and summary of data of events occurring 
during inflammatory stress response that is mediated by ANXA1. LPS-induced 
activation of TLR4 results in the increased expression of MAPK inhibitor MKP-1 and 
NFkB inhibitor IkBα in the presence of ANXA1. Elevated expression of these 
proteins inhibit MAPK and NFkB which then reduces TNFα levels. Heat stress also 
activates HSP70 via ANXA1 and inhibits TNFα via inhibition of JNK. JNK is also 
involved in the negative regulation of HSP70. The absence of ANXA1 results in 
reduced expression of MKP-1 and IkBα leading to higher expression of MAPK and 













This study has shown that ANXA1 plays a role in inflammatory stress 
response. ANXA1 has clearly been shown to regulate LPS-induced pro 
inflammatory cytokine TNFα during stress by reducing its levels during stress 
and thus protecting cells from the potential inflammatory insult during stress. 
In cells lacking ANXA1 however, the protective effect against high levels of 
pro inflammatory cytokines was not present. The data has shown that there 
was no form of secreted ANXA1 nor other secreted factors that was playing a 
role in the regulation of TNFα during stress and that it was purely due to 
endogenous factors. Such factors included HSP70, which was shown for the 
first time, to be expressed only in the presence of ANXA1. The expression of 
HSP70 only in heat stressed WT cells, coupled with its negative correlation 
with JNK has possibly resulted in the decrease in TNFα in heat stressed WT 
cells.  
 
Since TNFα is one of the cytokines produced by the convergence of signaling 
pathways, as illustrated in figure 41, there are other factors involved in its 
regulation. The higher expression of endogenous MAPK inhibitor, MKP-1 in 
heat stressed WT cells resulted in the reduced expression of pERK, pP38 and 
pJNK in these cells, thereby providing another reason for the decreased 
production of this cytokine in the WT cells. The data has also implicated the 
role of NFkB in ANXA1 mediated TNFα regulation during stress. The high 
levels of NFkB inhibitor, IkBα expressed only in heat stressed WT cells and 
not in ANXA1 KO cells provided another explanation for the decrease in 
LPS-induced TNFα levels in heat stressed WT cells. In conclusion ANXA1 
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played a protective role in inflammatory stress response and this was mediated 
by its signaling relationships with HSP70, the MAPK and NFkB. 
 
 4.3 Limitations of the study 
 
This study has provided further evidence to support the role of ANXA1 as a 
stress protein and in this study it has proven a role in inflammatory stress 
response. While the use of primary bone marrow macrophages served as a 
good ex vivo model to study the immunological impact of stress response, the 
study needs to be carried out in other cell lines or in human peripheral blood 
mononuclear cells to determine the uniformity of the data and for the 
extrapolation of data in humans. Next, while primary bone marrow 
macrophages serve as a good tool for the understanding of immune reactions 
in mice, these cells are rather resistant to genetic manipulation. Thus making 
the cells difficult for transfection of genes or knockdown studies. Even the 
most effective technique of gene transfection such as electroporation was used 
on these cells but we were faced with the problem of a high percentage of cell 
death post electroporation and thus leading to minimal or zero percentage 
transfection efficiency. Thus transfections are not usually carried out on these 
cells and this led to an inability in carrying out more experiments related to the 
mechanism of action. Instead of using transfection studies, chemicals or drugs 
were used to inhibit or induce the gene expression of certain proteins. While 
these drugs may be reported as specific in carrying out their role in inhibiting 
or inducing the protein of interest, it could still exert non-specific effects that 
needs to be considered. Since most monocytic or macrophage cell lines such 
as RAW 264.7, THP-1 and even primary monocytes from humans are known 
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to be relatively resistant to genetic manipulation, it may be of use to look into 
inflammatory stress response in other types of cells that can be easily 
transfected such as human embryonic kidney cells (HEK) or HeLA cells to 
validate the results and expand on the mechanistic studies.  
 
4.4 Future work 
 
While the study has implied the role of HSP70 and its possible negative 
regulation of JNK as a possible mechanism for the regulation of TNFα 
mediated by ANXA1 during stress, further work needs to be done to elucidate 
this mechanism. Genetic manipulation involving the knockdown and over 
expression of JNK to validate the findings of our results and also its impact on 
other signaling mediators involved such as ERK, P38, IkBα and NFkB. Since 
the production of TNFα is mediated by more than 1 factor, the impact of 
knocking down one protein should be investigated on the other proteins 
involved. The knockdown and inhibition of ERK, p38 and NFkB proteins 
involved in TNFα regulation and their impact on protein expression levels of 
the signaling factors involved need also be investigated to decipher the 
signaling process involved during stress response.  
 
Furthermore, the importance of MKP-1 is regulating TNFα cytokine 
production needs to be deciphered. An MKP-1 KO mouse model can be used 
to study this effect since transfection in primary cells results in very low 
efficiency in these cells. Other cells lines could be transfected with siRNA for 
MKP-1 or an MKP-1 over expressing plasmid to determine its effect on 
cytokine production during stress and thus creating the possibility of 
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deciphering the mechanism involved in ANXA1 mediated TNFα regulation 
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